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SUMMARY 

A  l  Bald  Hills ,  Queensland,  a  200  metre  tower  has  been  instrumented  with  anemo¬ 
meters  at  levels  50  metre  apart.  Data  were  recorded  each  second  for  about  100  days 
during  the  1976-77  thunderstorm  season,  although  night-time  data  for  the  hours  mid¬ 
night  to  5  a.m.  were  generally  not  recorded. 

The  strongest  wind  gusts  were  found  to  occur  during  thunderstorm  gust  front  situations. 

The  strongest  wind  shears  occurred  in  a  wider  range  of  meteorological  conditions. 
In  order  of  severity  these  were: 

(a)  thunderstorm  gust  fronts 

(b)  thunderstorms  not  associated  with  significant  gust  fronts 

(c)  conditions  associated  with  high  temperatures,  strong  gusty  but  statistically 
stationary  winds  and  active  vertical  wind  component. 

All  the  shears  obtained  using  long  averaging  times  ( of  the  order  of  10  minutes )  were 
only  of  slight  to  moderate  intensity.  Strong  and  severe  shears  occurred  fairly  frequently 
but  in  short  bursts,  generally  little  more  than  2  minutes  in  duration.  This  is  a  sufficient 
period  to  appear  as  a  steady  shear  to  an  aircraft  pilot  during  an  individual  landing,  but 
not  long  enough  to  enable  measurements  made  during  one  landing  to  be  of  use  during 
subsequent  landings..  As  an  indication  of  the  scattered  nature  of  the  high  shear  incidents, 
it  was  found  that  shears  in  excess  of  0- 1  /second  (i.e.  wind  speed  differences  greater  than 
5  m/s  over  the  lowest  50  metre)  occurred  for  only  0-  7°„  of  the  time,  but  they  occurred 
for  at  least  6  seconds  in  2-5a/„  of  the  minutes  of  recorded  data ,  and  on  more  than  90"  „ 
of  the  days  of  the  experiment. 
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At  Bald  Hills,  Queensland,  a  200  metre  tower  has  been  instrumented  with  anemo¬ 
meters  at  levels  50  metre  apart.  Data  were  recorded  each  second  for  about  100  days 
during  the  1976-77  thunderstorm  season,  although  night-time  data  for  the  hours  mid¬ 
night  to  5  a.m.  were  generally  not  recorded. 

The  strongest  wind  gusts  were  found  to  occur  during  thunderstorm  gust  front  situations. 

The  strongest  wind  shears  occurred  in  a  wider  range  of  meteorological  conditions. 
In  order  of  severity  these  were: 

(a)  thunderstorm  gust  fronts 

(b)  thunderstorms  not  associated  with  significant  gust  fronts 

(c)  conditions  associated  with  high  temperatures,  strong  gusty  but  statistically 
stationary  winds  and  active  vertical  wind  component. 

All  the  shears  obtained  using  long  averaging  times  (of  the  order  of  10  minutes )  were 
only  of  slight  to  moderate  intensity.  Strong  and  severe  shears  occurred  fairly  frequently 
but  in  short  bursts,  generally  little  more  than  2  minutes  in  duration.  This  is  a  sufficient 
period  to  appear  as  a  steady  shear  to  an  aircraft  pilot  during  an  individual  landing,  but 
not  long  enough  to  enable  measurements  made  during  one  landing  to  be  of  use  during 
subsequent  landings.  As  an  indication  of  the  scattered  nature  of  the  high  shear  incidents, 
it  was  found  that  shears  in  excess  of  0 ■  1 1  second  ( i.e .  wind  speed  differences  greater  than 
5  m/s  over  the  lowest  50  metre )  occurred  for  only  0  ■  7%  of  the  time,  but  they  occurred 
for  at  least  6  seconds  in  2  ■  5%  of  the  minutes  of  recorded  data,  and  on  more  than  90% 
of  the  days  of  the  experiment. 


L 


CONTENTS?  N 

Page  No. 

1.  INTRODUCTION  1 

1.1  Wind  Shear  1 

1.2  Thunderstorm  Gust  Fronts  4 

2.  EXPERIMENTAL  APPARATUS  AND  PROCEDURE  /  6 

3i  INCIDENCE  OF  THUNDERSTORMS  8 

4.  LONG  TERM  WIND  SPEED  STATISTICS  12 

5.  STATISTICS  OF  WIND  SHEARS  12 

6.  CHOICE  OF  INCIDENTS  13 

6.1  Criteria  Used  and  Classification  of  Incidents  13 

6.2  Type  1  Incidents  19 

6.3  Type  2  Incidents  33 

6.4  Type  3  Incidents  34 

6.5  Type  4  Incidents  37 

6.6  Type  5  Incidents  48 

7.  WIND  SPEED  PROFILES  62 

8.  EFFECT  OF  HEIGHT,  PEAK  VALUE  STATISTICS,  AND  AVERAGING  TIME  63 

9.  DURATION  OF  SHEAR  BURSTS  75 

10.  WIND  SHEAR  MONITORING  AS  A  LANDING  AID  75 

11.  HORIZONTAL  STRUCTURE  OF  THE  WIND  -  78 

CONCLUSIONS  AND  RECOMMENDATIONS 

ACKNOWLEDGMENT 

REFERENCES 

APPENDIX  1 — Criteria  for  Choice  of  Significant  Incidents 
APPENDIX  2 — Annual  Maximum  Winds  in  Brisbane  Area 
APPENDIX  3 — Graphs  of  Selected  Parameters  During  Chosen  Incidents 
DISTRIBUTION 


/ 


1 


1.  INTRODUCTION 

The  Aeronautical  Research  Laboratories  are  concerned  with  any  atmospheric  conditions 
which  are  hazardous  or  which  cause  significant  loads  on  aircraft.  Aircraft  are  most  vulnerable 
to  unusual  wind  conditions  during  landing  and  take-off,  and  moreover  the  variability  of  the 
wind  is  greatest  at  low  ievels.  Special  attention  is  therefore  being  given  to  low  level  winds.  A 
200  m  high  radio  transmission  tower  at  Bald  Hills,  Brisbane,  has  been  fitted  with  anemometers, 
direction  vanes,  vertical  axis  propellers  and  temperature  sensors.  (See  Fig.  1.)  A  rain  gauge  and 
a  number  of  anemometer/direction  vane  pairs  mounted  on  10  m  masts  in  a  “T”  array  have 
also  been  installed  in  the  open  paddock  at  the  base  of  the  mast.  Readings  from  all  these  instru¬ 
ments  are  recorded  each  second  on  a  magnetic  tape  recorder.  The  instrumentation  is  more  fully 
described  by  Patterson  cl  at.  (1975),  and  the  computer  control  of  the  system  is  described  by 
Thomson  (1975). 


Fig.  1  General  layout  of  meteorological  instruments  at  Bald  Hills. 


1.1  Wind  Shear 

At  low  altitudes  there  arc,  apart  from  orographic  effects,  three  (non-exclusive)  categories 
of  wind  conditions  which  are  commonly  recognized  as  hazardous  to  aircraft.  These  are  wind 
shear  (see  for  example  the  review  by  Schragc,  1977),  turbulence  and  thunderstorms.  They  are 
non-exclusive  categories  because  in  fact  many  of  the  aircraft  accidents  attributed  to  wind  shear 
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or  turbulence  have  in  fact  occurred  during  thunderstorms.  A  wind  shear  situation  is  either  one 
where  the  mean  horizontal  wind  velocity  at  one  height  is  different  from  that  at  another  height, 
or  else  one  where  the  mean  vertical  wind  component  at  a  given  point  differs  from  the  mean 
vertical  wind  at  another  point  in  the  same  horizontal  plane.  This  second  type  is  often  associated 
with  updrafts  and  downdrafts  in  thunderstorms.  According  to  Fujita  (1976)  and  Fujita  and 
Caracena  (1977)  the  principal  cause  of  the  Boeing  727  accident  at  John  F.  Kennedy  airport 
on  24  June  1975  was  a  severe  downburst  associated  with  a  thunderstorm.  Such  downbursts  are 
in  the  first  place  a  horizontal  shear  of  the  vertical  velocity,  though  near  the  ground  the  spreading 
out  of  the  downburst  also  causes  a  vertical  shear  of  the  horizontal  wind  vector.  The  magnitude 
of  the  vertical  changes  in  the  horizontal  wind  which  cause  difficulties  to  aircraft  have  been 
considered  by  ICAO,  and  recommendation  6  :  2/34  of  the  Fifth  Air  Navigation  Conference, 
1976,  classifies  shear  as  follows: 

Light  0-4  knots  per  30  m  (<  0  07/sec) 

Moderate  5-8  knots  per  30  m  (<  0-13/sec) 

Strong  9-12  knots  per  30  m  (<  0-19/sec) 

Severe  above  12  knots  per  30  m  (>  0  -  19/sec) 

The  time  for  which  a  shear  acts  on  an  aircraft  is  also  relevant  to  the  severity  of  its  effect. 
This  time  is  closely  related  to  the  height  band  over  which  the  shear  is  acting,  since  the  descent 
rates  of  most  aircraft  are  usually  fairly  similar.  Once  a  large  aircraft  has  descended  to  the 
“decision  height”  of  around -50  m  it  is  committed  to  touch  the  ground.  This  is  not,  however, 
a  valid  argument  for  considering  shears  over  a  50  m  height  band,  for  airspeed  changes  due  to 
changing  wind  speed  can  occur  very  much  faster  than  those  due  to  pilot  actions  which  are 
limited  by  speed  of  engine  response  and  aircraft  inertia.  Aviation  experts  quoted  by  Sparks  and 
Keddie  (1971)  have  suggested  that  the  most  critical  height  band  for  an  aircraft  is  that  between 
30  m  and  15  m.  Typically  an  aircraft  such  as  a  Boeing  727  will  land  on  a  3  degree  glide  slope 
with  an  approach  speed  of  130  knots.  This  corresponds  to  a  sink  rate  of  3-4  m/s  and  a  time 
of  4-5  seconds  to  descend  through  15  m.  During  this  time  the  aircraft  travels  approximately 
300  m,  so  that  Sparks  and  Keddie  suggest  that  wind  speeds  of  significance  to  an  aircraft  are 
those  averaged  over  a  300  m  wind  run.  Sparks  and  Keddie  then  consider  the  problem  of  pre¬ 
dicting  the  wind  speed  at  a  subsequent  time  and  for  this  purpose  they  recommend  a  fairly  long 
averaging  period,  at  least  four  minutes.  However  such  long  averaging  periods  may  smooth  out 
peaks  which  may  be  critical  in  an  individual  landing,  so  here  the  problem  of  the  forecaster  has 
been  ignored.  The  data  from  Bald  Hills  have  been  analysed  for  their  potential  effect  on  an  air¬ 
craft,  and  this  according  to  Sparks  and  Keddie,  depends  on  an  averaging  time  of  around  4-5 
seconds  for  the  wind  seen  by  the  aircraft.  The  same  order  of  magnitude  for  the  averaging  times 
of  significance  can  be  found  by  considering  the  work  of  Snyder  (1968).  Snyder  gives  some  graphs 
of  aircraft  responses  to  step  changes  in  horizontal  and  vertical  winds  which  show  some  parameters 
reaching  extrema  within  1-2  seconds  of  the  change,  and  returning  to  original  values  within 
2-4  seconds.  It  appears  then  that  wind  shears  acting  for  a  fraction  of  a  second  are  not  very 
important,  but  that  shears  acting  for  several  seconds  are  highly  significant.  We  conclude  that 
the  averaging  time  for  the  wind  seen  by  an  aircraft  should  be  in  the  range  1-5  seconds,  which 
corresponds  to  an  averaging  distance  of  about  60-300  metres. 

When  measurements  are  made  by  a  ground  based  anemometer,  the  wind  passes  the  anemo¬ 
meter  at  a  speed  which  is  of  the  order  of  10  m/s.  The  corresponding  averaging  time  that  would 
need  to  be  applied  to  the  anemometer  record  is  in  the  range  6-30  seconds.  For  most  of  the  data 
presented  here  an  averaging  time  of  6  seconds  has  been  adopted,  but  for  certain  problems  a 
study  has  been  made  of  the  effect  of  varying  the  averaging  time.  One  reason  for  choosing  the 
shorter  averaging  time  is  that  Hall  et  al.  (1976)  state  that  many  thin  high  shear  layers  cannot 
be  defined  if  an  averaging  time  of  about  one  minute  is  adopted,  but  with  a  shorter  averaging 
time  (they  used  10  seconds)  it  is  possible  to  delineate  them. 

There  are  very  few  measurements  of  wind  shear  probabilities  of  occurrence.  In  America 
Snyder  (1968)  quotes  studies  by  Roberts  (1964)  and  Scoggins  (1967),  and  in  England  Pearce 
(1972)  has  made  a  study  of  wind  shears  measured  by  balloon  soundings  in  the  lower  1400  m 
of  the  atmosphere  over  a  12  month  period.  In  Australia  there  are  few  known  statistics  on  wind 
shear.  Brook  (1970)  obtained  141  hours  of  data  from  anemometers  at  the  50  ft  and  150  ft  levels 
on  a  tower  at  Melbourne’s  Tullamarine  airport.  He  classified  the  data  by  mean  wind  speed  and 
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by  gust  class,  using  for  the  latter  classification  the  five  classes  described  by  Singer  and  Smith 
(1953)  based  on  the  appearance  of  the  wind  direction  trace.  His  data  were  biased  by  the  rejection 
of  any  data  for  which  one  of  the  wind  speeds  failed  to  maintain  a  level  above  the  threshold  of 
the  anemometer  (about  4  knots).  On  the  basis  of  his  sample  he  estimated  that  a  wind  speed 
difference  of  6  knots  in  100  feet  (i.e.  0- l/sec)  would  be  exceeded,  for  10  seconds  or  more  at 
a  time,  for  81  17  hours  per  year— i.e.  for  about  I  of  the  time.  For  the  case  of  an  atmosphere 
with  C-class  gustiness  and  hence  a  neutral  lapse  rate.  Brook  and  Spillane  (1968)  considered  the 
shears  that  would  occur  in  normal  turbulent  conditions,  but  excluding  such  singular  events  as 
thunderstorm  squalls  and  sea  breeze  fronts.  In  regular  turbulence  they  found  the  shear  to  be 
approximately  normally  distributed.  They  estimated  the  peak  shear  in  an  hour  by  adding  to 
the  mean  shear  a  variability  allowance  which  was  proportional  to  both  the  mean  wind  speed 
at  the  upper  level,  and  to  a  tabulated  function  of  the  averaging  time  over  which  the  shear  was 
measured.  They  found  that  if  a  power  law  was  used  to  describe  the  variation  of  velocity,  V. 
with  height,  c, 

U;U0  -  (c/co)m  (1.1) 

where  the  parameters  U o  and  ro  are  sometimes  referred  to  as  the  gradient  wind  and  gradient 
height  respectively,  the  index  m  varied  from  0  08  to  0-25  even  with  the  data  restricted  to  C  class 
gustiness  (neutral  stability).  Brook  and  Spillanc's  conclusion  was  that  such  formulae  were  not 
adequate  to  predict  the  mean  shear  in  any  situation,  but  that  the  mean  shear  should  be  measured 
each  time.  Blackman  (1972)  studied  the  velocity  profile,  in  a  suburban  environment,  using  a 
30  m  tower.  His  tower  was  situated  among  shrubs,  so  he  used  a  modification  of  equation  (1.1) 
to  allow  for  a  roughness  displacement. 


Using,  generally,  6  minute  average  velocities,  he  found  and  in  to  both  vary  from  occasion  to 
occasion.  tended  to  be  constant  for  winds  coming  from  bearings  between  90  and  2705,  though 
there  was  considerable  scatter  for  winds  coming  from  the  0  •  30'  sector.  Using  the  appro¬ 
priate  value  of  r'  for  each  run,  Blackman  found  that  m  varied  from  012  to  0-27.  This  scatter 
is  rather  similar  to  that  found  by  Brook  and  Spillane. 

Deacon  (1955)  measured  wind  speeds  at  three  levels  (40  ft,  210  ft  and  503  ft)  on  a  tower 
situated  in  grassland  near  Sale,  Victoria.  He  obtained  24  runs,  with  an  average  duration  of 
8  minutes  per  run,  in  strong  wind  conditions.  Using  the  mean  wind  velocities  of  each  run  he 
obtained  an  average  exponent  value  of  in  =0- 16.  He  also  considered  for  each  run  the  peak 
gust  at  each  height  irrespective  of  the  time  of  occurrence  at  the  various  heights.  When  the  peak 
gusts  were  fitted  to  a  power  law  of  the  form  1.1,  he  obtained  a  much  lower  exponent,  m  —  0-08. 
This  he  attributed  to  the  fact  that  peak  gusts  are  generally  caused  by  eddies  bringing  a  parcel 
of  upper  level  air  with  high  momentum  down  to  the  ground.  Until  the  parcel  has  been  retarded 
by  friction  and  mixing,  the  velocity  is  very  close  to  the  general  velocity  at  high  levels.  Nowadays 
Deacon's  method  of  handling  the  peak  gust  has  been  superseded  by  a  separate  treatment  of 
the  profiles  of  mean  velocity,  and  the  profiles  of  some  measure  of  the  deviation  of  the  instanta¬ 
neous  velocity  from  the  mean  at  each  level.  A  simple  model  which  is  commonly  used  assumes 
the  standard  deviation  of  the  wind  speed  at  any  point  is  constant,  independent  of  height. 

Some  climatological  studies  of  wind  shear,  using  1  hour  average  values  of  wind  speed  are 
being  carried  out  on  data  obtained  from  N.  W.  Cape,  W.A.,  and  Black  Mountain.  Canberra. 
(Stuart  Allen,  private  communication).  About  two  years  data  arc  available  from  each  source 
but  at  present  only  the  Black  Mountain  data  have  been  published  (Allen.  1980). 

In  summary,  then,  the  available  wind  shear  data  for  Australia  are  either  based  on  a  very 
small  and  biased  sample,  or  use  averaging  times  which  are  so  long  that  they  smooth  out  most 
peaks  of  significance  to  aircraft. 

The  Bald  Hills  tower  data  offers  some  opportunity  to  improve  the  available  statistics  for 
Australia,  but  even  so  the  data  available  in  the  present  season  only  cover  100  days.  Moreover 
the  sample  is  still  biased  in  that  it  covers  only  one  season  of  the  year,  and  in  general  data  were 
not  recorded  for  the  midnight  to  dawn  period  each  day  due  to  absence  of  power  when  the  radio 
transmitter  was  turned  off.  On  the  other  hand  the  starting  velocity  of  the  anemometers  was  so 
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low  that  there  was  no  necessity  to  censor  data  by  removing  occasions  when  the  wind  speed  was 
zero.  It  would  probably  be  possible  to  use  Brook's  technique  of  classifying  data  according  to 
wind  speed  and  gustiness  category  (the  latter  is  basically  a  classification  according  to  lapse  rate) 
and  then  to  find  an  overall  probability  distribution  of  wind  shear  by  weighting  the  probability 
distribution  of  shear  for  each  speed,  gustiness  category  by  the  long  term  average  probability  of 
occurrence  of  that  category.  This  would,  however,  involve  a  rather  large  amount  of  manual 
work,  so  at  this  stage  a  simpler  though  less  satisfying  procedure  has  been  adopted.  The  probability 
distribution  of  wind  shear  in  the  100  day  sample  has  been  related  to  the  probability  distribution 
of  wind  speed  in  the  same  sample.  Then  the  long  term  probability  distribution  of  wind  shear 
may  be  estimated  from  the  known  long  term  probability  distribution  of  wind  speed. 

1.2  Thuiiderstornt  Gust  Fronts 

Wind  velocities  that  change  with  time  (gusts  or  turbulence)  can  cause  as  much  difficulty 
to  a  pilot  as  winds  that  change  with  height  (wind  shear).  In  fact,  during  an  individual  landing 
it  is  not  possible  to  distinguish  between  the  two  phenomena  on  the  basis  of  the  aircraft  behaviour. 
As  with  wind  shear  the  strongest  gusts  are  usually  associated  with  thunderstorms.  The  strongest 
shears  and  gusts  associated  with  a  thunderstorm  frequently  occur  at  the  "gust  front”.  When 
a  gust  front  occurs,  mid-tropospheric  air  is  cooled  by  melting  hail  and  evaporating  water.  This 
cooled,  denser  air  sinks  to  the  ground  and  tends  to  spread  out  in  all  directions,  but  especially 
in  the  forward  direction  as  the  cooled  air  tends  to  carry  mid-tropospheric  momentum  with  it. 
(The  total  storm  also  tends  to  move  in  the  direction  of  the  mid-tropospheric  wind  but  at  a 
somewhat  slower  speed.)  Actually  the  gust  front  will  often,  especially  in  severe  local  storms,  be 
found  to  lie  ahead  but  on  one  flank  of  the  storm.  The  explanation  of  this  is  discussed 
by  Browning  (1968). 

In  a  gust  front  situation,  the  magnitude  of  the  wind  speeds  and  shears  depends  on  the 
momentum  of  the  outflowing  air  which  is  a  function  of  the  density  or  temperature  difference 
between  the  ambient  air  and  the  downdraft.  Fawbush  and  Miller  (1954)  have  obtained  a  statistical 
correlation  between  the  peak  wind  gust  and  the  temperature  drop  as  the  gust  front  passes.  They 
have  also  recommended  the  use  of  Branca to’s  (1942)  method  of  predicting  the  downrush  tempera¬ 
ture,  i.e.  the  temperature  which  a  parcel  of  air  would  have  if  it  was  moved  from  the  wet  bulb 
freezing  level  to  ground  level  following  a  saturated  adiabatic  compression  law. 

The  relation  between  air  density  and  temperature  is  affected  by  the  presence  of  moisture, 
since  moist  air  has  a  lower  density  than  dry  air.  In  order  to  preserve  the  form  of  equations  in 
which  density  differences  are  expressed  as  fractional  differences  in  temperature,  the  concept 
of  “virtual  temperature”  is  introduced.  Haurwitz  (1941)  defines  the  virtual  temperature  of  a 
mass  of  moist  air  as  the  temperature  which  dry  air  should  have  in  order  to  be  of  the  same  density 
as  the  actual  moist  air  under  the  same  pressure.  If  the  total  pressure  of  the  air  is  p,  the  partial 
pressure  of  the  water  vapour  is  e,  and  the  temperature  is  T,  then  the  virtual  temperature  T*  is 

T*  =  77(1  -  0  •  379  cjp).  (1.3) 

The  recent  literature  on  thunderstorm  gust  fronts  has  made  little,  if  any,  use  of  the  concept 
of  virtual  temperature.  The  temperature  drop  commonly  recorded  is  just  the  drop  in  actual 
temperature.  Assuming  that  the  downdraft,  which  has  been  subjected  to  evaporative  cooling, 
has  a  temperature  of  20°C  and  a  relative  humidity  of  100%  it  is  possible  to  compute  the  following 
table  of  virtual  temperature  drops  corresponding  to  various  actual  temperature  drops  in  ambient 
air  of  various  relative  humidities. 


Table  of  Virtual  Temperature  Drops 


R.H. 

Actual  temperature  drop  (CC) 

4  0  8  0  ;  120 

80", , 

41 

8-9 

j  13-9 

60", , 

3-4 

80 

12  7 

40"„ 

2-8 

7-1 

116 

4 


It  is  seen  that  generally  the  virtual  temperature  drop  is  very  close  to  the  actual  drop.  However 
the  occasional  large  differences  may  be  important  in  the  explanation  of  differences  in  behaviour 
of  otherwise  similar  gust  fronts. 


Fig.  2(a)  Observed  form  of  gravity  current  (after  Keulegan,  1958). 
(The  head  is  moving  to  the  left  with  velocity  c.) 


c 


Fig.  2(b)  Theoretical  mode!  proposed  by  von  Karman. 

(The  head  is  brought  to  rest  by  superimposing  a  velocity  c  to  the  right.) 

Fig.  2  Head  of  density  current  outflow. 

Classical  fluid  mechanics  (see  e.g.  Benjamin,  1968)  has  considered  the  case  of  a  density 
current  head  of  density  p  -r  dp  flowing  inviscidly  beneath  a  lighter  fluid  of  density  p.  The  speed 
of  movement  of  the  head,  c,  is  given  by 

c  =  a  VgHAp'p  (1.4) 

where  H  is  the  depth  of  the  dense  fluid  layer  well  upstream  from  the  head  (see  Fig.  2)  and  the 
coefficient  a  is  theoretically  equal  to  the  square  root  of  2  in  an  ideal  fluid,  and  experimentally 
is  found  to  be  around  1-1  in  a  real  fluid.  As  noted  above  the  density  difference  is  related  to  the 
temperature  drop.  Hall  el  al.  (1976)  used  this  approach  and  assuming  a  linear  velocity  profile 
through  a  boundary  layer  around  1 00  m  thick  in  a  density  current  of  depth  H  =  500  m.  estimated 
wind  shear  as  a  function  of  gust  front  temperature  drop.  They  presented  data  on  how  wind 
shears  observed  in  a  number  of  thunderstorm  gust  fronts  varied  with  the  temperature  drop  and 
found  the  data  to  agree  fairly  well  with  their  simple  model. 

The  static  pressure  beneath  a  density  current  is  slightly  higher  than  ambient.  Consider,  for 
example,  an  ambient  environment  with  a  temperature  of  27cC  (300  K)  and  a  downdraft  with 
a  fairly  small  temperature  drop  of  3CC.  The  fractional  density  difference  is  3/300  =  l°„.  The 
speed  of  travel  of  the  front  is  approximately  c  —  \'2g  H  Apjp  and  for  H  =  500  m  this  gives 
r  =  10  m/s.  The  ultimate  pressure  rise  is  Ap  —  Ap  g  H  —  0-6  mbar.  However  the  head  of 
the  outflow  is  usually  (see  Fig.  2)  about  twice  as  high  as  the  ultimate  thickness  of  the  outflow. 
This  suggests  an  initial  rise  of  about  I  -2  mbar  in  the  time  the  outflow  takes  to  travel  about 
I  km,  i.e.  in  about  100  seconds.  Presumably  a  fast  response  high  resolution  pressure  transducer 
would  tend  to  give  a  trace  which  showed  the  shape  of  the  head  of  the  density  current,  but  this 
might  be  modified  by  three  different  factors.  Firstly  the  flow  is  dynamic  rather  than  static,  so 
that  pressure  rise  will  not  occur  exactly  under  the  dense  air  as  a  sharp  discontinuity,  but  will 
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propagate  ahead  as  a  pressure  wave  and  in  so  doing  will  be  modified  somewhat  in  shape.  Secondly 
the  pressure  will  be  increased  by  the  impact  pressure  which  will  also  occur  due  to  the  falling 
downdraft  striking  the  ground.  Thirdly  Charba  and  Sasaki  (1971)  indicate  that  at  least  in  some 
situations  a  low  level  stable  layer  may  exist,  and  when  the  downdraft  disturbs  this  it  may  cause 
a  surge  wave  at  the  top  of  this  stable  layer  which,  with  an  associated  pressure  rise,  may  propagate 
ahead  quite  independently  of  the  gravity  current  outflow.  It  has  been  proposed  (Bedard  et  al„ 
1977,  several  papers)  to  use  the  pressure  rise  as  the  basis  of  a  gust  front  warning  system.  An 
experimental  system  has  been  developed  at  Dulles  airport  using  pressure  switches  which  trigger 
an  alarm  system  if  a  pressure  rise  exceeding  0-5mbar  occurs  when  the  pressure  time  history 
is  filtered  by  a  high  pass  filter  with  a  3  minute  time  constant. 

A  few  authors  have  studied  detailed  flow  within  and  around  density  current  heads.  Goff 
(1975,  1977)  has  made  a  detailed  study  of  20  thunderstorms,  and,  with  data  from  vertical  wind 
measurements  at  three  levels  and  horizontal  wind  measurements  at  seven  levels  on  a  480  m 
tower,  has  obtained  streamlines  showing  the  shape  of  the  gust  front  and  the  flow  before  and 
after  the  front  for  each  storm.  Mitchell  and  Hovermale  (1977)  have  made  a  numerical  simulation 
of  a  thunderstorm  gust  front,  and  Simpson  (1969,  1972)  has  carried  out  model  tests  with  flow 
visualisation  on  density  currents  in  water.  Sinclair  et  al.  (1973)  have  tried  to  obtain  a  similarity 
description  of  the  variations  in  the  local  mean  wind  speeds  (averaged  over  130  seconds)  during 
six  gust  front  passages. 

Charba  and  Sasaki  (1971)  have  described  an  Oklahoma  storm  in  which  the  gust  front 
reached  20  mile  ahead  of  the  main  weather  radar  echo.  The  possibility  that  the  gust  front  may  be 
so  far  ahead  is  rather  alarming  from  the  pilot  warning  point  of  view,  but  such  a  large  outrun 
has  not  been  described  in  Australia.  Colmer  (1971)  states  that  the  gross  features  of  gust  fronts 
are  different  throughout  the  world,  and  it  is  assumed  that  the  actual  structures  of  the  fronts 
may  also  be  different.  Therefore  one  important  field  of  study  is  to  determine  for  various  thunder¬ 
storm-prone  regions  in  Australia,  a  probability  distribution  of  distances  by  which  the  gust  front 
may  outrun  the  thunderstorm  cell.  At  present  the  Australian  Bureau  of  Meteorology  uses  weather 
radar  to  monitor  the  approach  of  thunderstorms  around  major  airports.  The  Terminal  Area 
Severe  Turbulence  (TAST)  service  is  a  service  provided  to  Department  of  Transport  air  traffic 
controllers  to  assist  in  the  direction  of  aircraft  away  from  convective  turbulence  within  60  nautical 
miles  of  an  airport.  Areas  of  possible  severe  and  extreme  turbulence  are  determined  by  deline¬ 
ating  echoes  on  the  radar  which  exceed  a  reflectivity*  value,  z,  of  I05mm«m  3  and  which 
extend  to  over  35,OOOft  (10,500  m)  in  height.  An  extra  buffer  area  may  be  added  by  the  fore¬ 
caster  using  his  skill  and  knowledge  of  special  circumstances.  In  practice  this  usually  amounts 
to  allowing  5  nautical  miles  around  the  z  =  I05  mm6  m~3  reflectivity  contour  together  with 
a  further  area  to  cover  probable  movement  during  the  forecast  period.  Also  if  more  than  one 
storm  centre  exists,  even  though  they  may  be  as  much  as  20  nautical  miles  apart,  the  area  between 
the  storms  may  also  be  restricted.  These  turbulence  warnings  are  prepared  at  10  minute  intervals. 
This  Australian  procedure  has  been  examined  by  Barclay  (1974)  and  compared  with  American 
FAA  procedures,  and  with  aircraft  responses  in  the  vicinity  of  Brisbane  thunderstorms.  Barclay 
did  not  give  special  consideration  to  gust  front  occurrences,  which  are  a  low  level  phenomena 
generally  encountered  only  during  landing  or  take-off,  but  he  did  find  that  the  criteria  used 
appeared  to  be  effective  in  avoiding  severe  turbulence,  and  that  moderate  turbulence  could  be 
encountered  as  much  as  20  nautical  miles  ahead  of  a  thunderstorm  echo.  On  this  ground  he 
indicated  that  it  was  preferable  to  divert  behind  a  storm  rather  than  ahead. 

2.  EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

The  ABC  radio  transmitter  tower  at  Bald  Hills,  Queensland,  was  fitted  with  anemometers 
at  heights  of  58-2  m,  104-5  m,  153-3  m  and  189-9  m.  For  convenience  these  heights  were 
commonly  referred  to  throughout  the  experiment  as  50  m,  100  m,  150  m,  and  200  m  and  this 
designation  is  continued  in  this  report.  (For  example  the  wind  speed  at  the  58-2  m  level  will  be 


*  Actually  z  is  a  factor  proportional  to  the  radar  reflectivity.  It  is  defined  as  the  sum,  for 
all  diameters,  of  A ii>.  O®,  where  N0  is  the  number  of  hydrometcors  of  diameter  D  per  unit  volume. 
For  further  details  see  the  entry  under  “radar  reflectivity”  in  the  Glossary  of  Meteorology 
edited  by  Huschke  (1959). 
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denoted  S50.)  Because  of  shielding  due  to  an  adjacent  tuning  hut  building.it  was  not  possible 
to  place  an  anemometer  at  the  10  m  level  on  the  tower,  and  because  of  the  mat  of  earth  wires 
buried  in  the  ground  around  the  tower  it  was  not  possible  to  install  one  of  the  10  m  masts  any 
closer  than  the  network  shown  in  Figure  1.  The  nearest  of  these  anemometers  was  270  m  from 
the  tower.  A  line  through  the  anemometer  at  the  50  m  (actually  58-2  m)  level  and  the  top  of 
the  nearest  10  m  mast  makes  an  angle  of  10°  to  the  horizontal.  Wind  shears*  determined  from 
anemometer  readings  at  these  two  levels  are  not  therefore  typical  of  pure  vertical  shears.  They 
are,  however,  typical  of  what  an  aircraft  landing  or  taking  off  on  a  10  flight  path  would  en¬ 
counter.  This  angle  is  fairly  typical  of  take  off  angles,  but  is  steeper  than  the  landing  approach 
path  of  the  scheduled  aircraft  currently  in  use.  (Three  degrees  is  more  typical.)  It  is  however 
applicable  to  a  landing  STOL  aircraft  (such  as  the  Australian  designed  NOMAD),  and  this  is 
of  some  importance  as  STOL  aircraft  are  particularly  susceptible  to  gusts  during  landing  and 
take-off.  In  a  later  section  it  is  argued  that  in  homogeneous  turbulence  at  10  m  altitude  the  gusts 
at  separations  significantly  greater  than  100  m  are  uncorrelated.  It  could  be  expected  that  in  such 
homogeneous  conditions  the  probability  distribution  of  shears  measured  between  50  m  and  10  m 
on  a  10  glide  slope  would  be  identical  to  the  probability  distribution  measured  on  a  3=  glide  slope. 

The  terrain  around  the  tower  is  open  grassland,  with  only  an  occasional  tree  or  bush. 
However  in  some  directions  suburban  housing  may  be  found  as  close  as  400  m  away.  Thus 
the  terrain  is  intermediate  in  roughness  between  that  typical  of  an  open  airport,  and  that  typical 
of  Australian  suburban  housing. 

The  instrumentation  system,  shown  in  outline  in  Figure  I,  was  broadly  as  described  by 
Patterson  <•/  al.  ( 1975)  except  that  the  direction  vanes  described  in  that  report  were  found  to  be 
rather  insensitive,  and  were  replaced  by  the  Anderson  vanes  shown  in  Figure  3.  Special  levelling 
devices  were  used  to  ensure  that  the  shafts  of  the  vertical  wind  propellers  were  vertical  to  within 
0-5  degree.  The  pressure  transducer  and  humidity  sensor  connected  to  the  computer  network 


Fig.  3  Anderson  direction  vane. 


*  To  avoid  excessive  classification,  in  this  report  wind  shear  has  been  measured  as  the 
difference  in  speed  at  two  locations. 
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were  not  working,  and  so  there  was  no  possibility  of  evaluating  virtual  temperature.  Due  to  a 
lightning  strike  on  Monday  8  November  1976,  only  anemometers  at  positions  1, 4,  7,  9,  10  and  1 1 
in  the  10  m  Tee  array  were  working.  Anemometer  7  was  used  in  this  study  for  Sio. 

The  radio  transmitter  station  was  generally  not  operating  between  midnight  and  5  a.m. 
During  those  hours  power  for  the  instrumentation  system  was  switched  off,  so  that  recordings 
were  not  available  on  a  full  24  hour  basis.  The  recording  period  covered  by  this  report  was 
from  12  November  1976  to  5  March  1977,  which  corresponds  fairly  well  with  the  expected 
thunderstorm  season  at  Bald  Hills.  Because  of  certain  failures  in  the  instrumentation  system, 
recordings  were  obtained  for  only  100  days  of  this  113  day  period. 

The  radio  transmission  tower  at  Bald  Hills  is  fairly  close  to  the  Brisbane  airport  at  Eagle 
Farm.  A  meteorological  radar  is  located  at  the  airport  13-6  km  away  on  a  bearing  of  153°  from 
the  tower,  and  on  some  occasions  it  was  possible  to  obtain  tracings  of  the  PPI  screen. 


3.  INCIDENCE  OF  THUNDERSTORMS 

In  Australia  the  occurrence  of  thunderstorms  is  recorded  at  Meteorological  observing 
stations.  However  there  can  be  difficulty  in  distinguishing  a  large  thunderstorm  from  several 
small  thunderstorms,  so  routine  statistics  do  not  record  numbers  of  storms  but  simply  those 
days  on  which  some  thunderstorm  activity  was  observed.  Since  1964  the  practice  adopted  has 
been  to  note  those  days  on  which  thunder  was  heard  at  the  observing  station.  Prior  to  1964 
a  dual  classification  was  used. 

(a)  "Thunderstorm  in  the  vicinity  of  the  observing  station"  was  noted  if  lightning  and 
thunder  were  observed  with  less  than  10  seconds  between.  (Australian  Meteorological 
Observers  Handbook.  1954,  p.  61.)  With  a  speed  of  sound  of  340  m/s  this  corresponds 
to  a  range  of  less  than  3-4  km. 

(b)  "Distant  thunderstorm”  was  noted  if  lightning  and  thunder  were  observed  with  more 
than  10  seconds  between. 

The  cases  when  thunder  was  heard  without  lightning  being  observed  might  be  expected  to  be 
rare,  so  that  the  sum  of  the  two  classifications  prior  to  1964  might  be  expected  to  give  the  same 
average  incidence  of  thunderstorms  as  the  "thunder  heard"  classification  adopted  since  1964. 
This  is  born  out  in  the  case  of  the  Eagle  Farm  meteorological  observing  station  as  may  be  seen 
in  Table  3.1. 

In  the  period  before  1964  there  were  many  days  on  which  both  a  near  and  a  distant  thunder¬ 
storm  were  recorded.  Presumably  on  these  days  the  storms  were  so  far  separated  that  two  (or 
more)  storms  could  be  clearly  distinguished  as  separate  entities.  What  would  not  show  up  in 
the  table  is  the  occasions  when  two  distinct  storms  occurred  but  both  fell  into  the  same  category 
of  near  or  distant.  However,  if  it  is  assumed  that  no  more  than  two  distinct  storms  occurred  in 
any  one  day,  it  may  easily  be  shown  that  the  figures  in  the  table  can  be  explained  if  on  46° of 
thunderdays  two  distinct  thunderstorms  occur,  and  for  any  observed  thunderstorm  there  is  a 
probability  of  62",,  that  it  will  pass  "in  the  vicinity"  of  the  station. 


TABLE  3.1 

Eagle  Farm— Near  and  Distant  Thunderstorms 


Dates 

Average  number  of  days  per  year  for 

1950-1963 

Thunderstorms  in  vicinity  only 
Thunderstorms  in  vicinity  and 

119 

distant  thunderstorms 

51 

Distant  thunderstorms  only 

6-4 

TOTAL 

23-4 

1964-1976 

Thunder  heard 

229 
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Because  the  two  categories  prior  to  1964  jointly  give  the  same  information  as  the  thunderday 
category  adopted  since  1964,  it  is  possible  to  pool  all  the  available  data  to  obtain  the  monthly 
incidence  of  thunderdays.  This  is  shown  in  Table  3.2  for  both  Amberley  and  Eagle  Farm. 

TABLE  3.2 

Monthly  Incidence  of  Days  on  which  Thunder  was  Heard 


(a)  Amberley — Average  over  1955  to  1976 


Month 

Jan. 

Feb. 

Mar. 

Apr. 

May  June 

July 

Aug. 

Sep. 

Oct. 

Nov. 

Dec. 

Year 

Ave 

4-45 

3-23 

218 

0-77 

0-36 

0-32 

0-32 

0-68 

1  -73 

3-68 

5-00 

6-27  29-0 

S.D. 

2-46 

1  -95 

2-50 

0-92 

0-73 

0-57 

0-57 

0-78 

1  -35 

1  -84 

2-60 

2-73 

4-82 

(b)  Eagle  Farm 

— Average  over  1950  to  1976 

Month 

Jan. 

Feb. 

Mar. 

Apr. 

May 

June 

July 

Aug. 

Sep. 

Oct. 

Nov. 

Dec. 

Year 

Ave 

300 

219 

1-41 

0-81 

0-48 

0-26 

015 

0-81 

1  -41 

3-30 

4-67 

4-70 

23-19 

S.D. 

1-88 

1  -64 

1  -82 

1  04 

0-80 

0-45 

0-36 

0-83 

I -28 

2  03 

2-53 

2-71 

5-80 

(c)  Eagle  Farm 

—Actual  incidence  during  November  1976  to  February  1977 

Month 

Jan. 

Feb. 

Mar. 

Apr. 

May 

June 

July 

Aug. 

Sep. 

Oct. 

Nov. 

Dec. 

Year 

1976  12  3 

1977  I  2 

Note:  “Ave”  and  "S.D."  are  the  mean  and  standard  deviation  of  the  number  of  thunderdays 
per  month  (or  per  year). 

Table  3.2  also  shows  the  actual  number  of  thunderdays  which  occurred  during  the  period  of 
the  present  study.  The  number  of  thunderdays  may  differ  from  the  number  of  days  on  which 
TAST  watches  were  declared  because  a  thunderstorm  may  be  too  small  for  a  TAST  to  be 
declared  or  it  may  occur  late  at  night  when  no  aircraft  are  flying,  or  a  TAST  may  be  declared 
because  a  thunderstorm  is  detected  by  radar,  but  the  thunderstorm  may  never  approach  close 
enough  to  the  station  for  thunder  to  be  heard.  Table  3.3  shows,  for  the  period  of  the  present 
study,  the  incidence  of  thunderdays  and  days  on  which  TASTs  were  declared. 


TABLE  3.3 

Thunderdays  and  TASTs  at  Eagle  Farm 

12  November  1976  to  5  March  1977 


Date 

Thunderdav? 

TAST  Time 

1976  Nov.  12 

No 

1445-2055 

13 

Yes 

0805-1115 

14 

Yes 

0750-0810 

15 

Yes 

— 

21 

Yes 

1230-1715 

25 

Yes 

— 

26 

Yes 

1605-2000 

28 

Yes 

1030-1805 

29 

Yes 

1410-1940 

30 

Yes 

1405-1730 

Dec.  4 

Yes 

1425-2200 

12 

No 

1715-1855 

16 

Yes 

1520-2000 

27 

Yes 

— 

1977  Jan.  3 

Yes 

-  - 

Feb.  22 

Yes 

— 

26 

Yes 

1340-1640 

Probability  that  daily  maximum  wind  speed  >  S 


Amberley  '' 
Eagle  Farm' 


Th  underdays 

.-Amberley  IN  =  607  Days) 
-Eagle  Farm  (N  =  562  Days) 


The  dots  mark  the 
points  where  100 
members  of  the  sample 
exceed  S. 


,Eagle  Farm 
Amberley 
Eagle  Farm 


-Amberley 


Non-Thu  nderdays 

Amberley  (N  =  6997  Days)^ 
Eagle  Farm  (N  =  8183  Days)' 


Data  used: 

Amberley  1956  -  1976 
Eagle  Farm  1953  -  1976 


Horizontal  wind  speed  S  m/s 


Probability  distribution  of  daily  maximum  wind  speeds  at  Eagle  Farm  and  Amberley. 


Fig.  5  Probability  distributions  of  daily  maximum  wind  speeds  during  thunderstorm  season. 


4.  LONG  TERM  WIND  SPEED  STATISTICS 

The  long  term  (horizontal)  wind  speed  data  which  are  readily  available  are  insufficient  to 
give  accurate  estimates  of  the  probability  of  occurrence  of  some  of  the  higher  (and  rarer)  speeds. 
To  obtain  some  assessment  of  the  stability  of  the  available  statistics  it  was  decided  to  compare 
the  data  for  Eagle  Farm  with  the  data  for  Amberley,  which  is  situated  about  45  km  SW  of  Eagle 
Farm,  and  so  is  about  45  km  further  inland.  Amberley  has  a  slightly  higher  incidence  of  thunder- 
days  (see  Table  3.2)  and  temperature  extremes,  but  as  shown  in  Figure  4  the  wind  speed  statistics 
seem  fairly  similar.  At  the  low  wind  speed,  high  probability  end,  the  curves  are  smooth  and 
corresponding  curves  are  similar  in  shape.  The  slight  differences  are  probably  due  to  differences 
in  anemometer  exposure  and  to  local  climatic  variations.  At  the  higher  wind  speeds  (beyond 
that  wind  speed  which  is  exceeded  on  less  than  100  days  of  the  relevant  sample)  the  curves 
become  more  irregular  and  differ  in  shape  from  each  other,  presumably  due  to  random  factors. 
The  difference  between  thunderdays  and  non-thunderdays  is  nevertheless  clearly  established. 

In  order  to  compare  the  period  of  this  study  (12  November  1976  to  5  March  1977)  with 
the  long  term  average  data  in  the  same  area.  Figure  5  has  been  prepared.  This  shows  the  pro¬ 
bability  distribution  of  daily  maximum  wind  speeds  at  Eagle  Farm,  for  the  months  of  November 
to  February,  averaged  over  the  years  1953  to  1976,  with  thunderdays  and  non-thunderdays 
taken  together.  The  same  figure  also  shows  the  probability  distribution  of  maximum  wind  speeds 
from  12  November  1976  to  5  March  1977  at  Eagle  Farm  and  at  Bald  Hills.  The  Bald  Hills  sample 
size  of  100  days  is  smaller  than  the  Eagle  Farm  sample  of  1 13  days  because  there  were  certain 
days,  randomly  distributed  throughout  the  period,  when  Bald  Hills  data  were  unobtainable. 
The  Eagle  Farm  data  show  that  apart  from  one  or  two  storms,  wind  speeds  during  the  season 
were  quieter  than  average.  The  Bald  Hills  curve  falls  below  the  Eagle  Farm  curve  for  the  same 
period,  and  this  may  be  attributed  mainly  to  variations  in  the  exposure  of  the  two  sites,  but 
also  in  small  part  to  the  fact  that  on  most  days  the  Bald  Hills  system  was  not  operating  between 
midnight  and  5  a  m. 

5.  STATISTICS  OF  WIND  SHEARS 

The  wind  speed  differences  or  shears  were  computed  each  6  seconds  from  the  6  second 
average  wind  speeds,  and  the  maximum  or  peak  value  each  minute  was  noted.  The  probability 
distribution  of  the  peak  shear  each  minute  is  plotted,  for  several  height  intervals,  in  Figure  6 
together  with  the  corresponding  distribution  of  wind  speed  at  the  10  m  level.  Shears  between 
the  200  m  and  150  m  levels  were  not  included  because  of  a  fault  in  the  200  m  anemometer 
during  some  of  the  study  period.  The  similarity  in  the  shape  of  all  these  curves  suggests  that 
the  wind  shear  has  the  same  distribution  as  the  wind  speed,  apart  from  a  scaling  factor.  Table  5.1, 
obtained  by  reading  values  from  Figure  6,  shows  that  this  is  approximately  so. 

TABLE  5.1 

Various  Percentile  Values  of  One  Minute  Maxima  of  Wind  Speed  and  Wind  Shear 


Probability  Maximum  6-sec  value  each  minute  which  is  exceeded  p°„  of  minutes 

of  exceedance - — 

p  Wind  Wind  Shear  Wind  Shear  Wind  Shear 

Speed  Sin  Ssn-Sm  Smo-Ssn  Siso-Sioo 


It 

m/s 

m/s 

Fraction 
of  Sm 

m/s 

Fraction 
of  Sm 

m/s 

Fraction 
of  Sio 

50 

3-7 

21 

!  0-57 

1  -3 

0-35 

0-9 

0-24 

10 

7- 1 

3-8 

i  0-54 

2-9 

0  41 

2-4 

0-34 

2-5 

8-6 

5  0 

0-58 

40 

!  0-47 

3-4 

0-40 

0  5 

10- 1 

6-2 

i  0  61 

50 

0-50 

4-6 

0-46 

0-25 

10  8 

6-7 

;  0-62 

5-3 

0-49 

50 

0-46 

Adopted  Values 

0-6 

0-5 

I 

0-45 

12 


TABLE  5.2 


Various  Percentile  Values  of  Daily  Maximum  Wind 
Speed  and  Daily  Maximum  Shear 


Probability 

Daily  maximum  6-second 

of 

average  value  of  /’-percentile  of: 

Exceedance 

- 

P 

Wind 

Wind  Shear 

Speed  S\» 

•Ssn-Sio 

Fraction 

it 
,  l> 

m/s 

ni  s 

of  Sio 

50 

10 

6-5 

0-65 

10 

13 

8-3 

0-64 

2-5 

16  4 

100 

0  61 

Figure  6  also  shows  that  a  moderate  shear  of  0- 1 /'sec  (5  m  s  w  ind  speed  difference  in  a  vertical 
height  of  50  m)  is  exceeded  at  least  once  per  minute  in  approximately  2 -5",,  of  minutes  in  the 
lowest  50  m  of  the  atmosphere,  in  0-5"„  of  minutes  in  the  50-100  m  band,  and  in  0-25%  of 
minutes  in  the  100-150  m  band.  (Note  that  because  of  the  differences  between  nominal  heights 
and  actual  heights,  mentioned  at  the  beginning  of  section  2.  .S'50-.S'io  is  actually  the  shear  over 
a  48  metre  height  band  and  not  over  the  40  metre  band  that  would  be  derived  from  the  nominal 
heights.)  These  high  shear  bursts  occur  as  many,  widely  scattered,  brief  incidents,  for,  as  Figure  7 
shows,  the  wind  speed  difference  of  5  m  s  is  exceeded  on  90"„  of  the  days  even  though  such 
exceedences  only  occur  in  2-5"„  of  minutes.  Similarly  a  severe  shear  of  10  m/s  is  exceeded  on 
2-5"„  of  days  even  though  extrapolation  of  Figure  6  shows  that  it  is  only  exceeded  in  0-002°, , 
of  minutes.  Figure  23  will  be  introduced  later,  but  it  shows  a  typical  time  history  of  shears  in  a 
fairly  steady  situation.  Especially  at  the  lowest  levels  the  shear  is  quite  variable  but  a  wind  speed 
difference  of  5  m  s  is  only  occasionally  exceeded.  There  arc  periods  of  two  or  three  minutes 
where  the  shear  remains  fairly  constant,  and  a  landing  aircraft  would  experience  a  steady  large 
shear.  Flowever  a  following  aircraft  a  few  minutes  later  may  experience  quite  different  shears, 
even  though  the  mean  velocity  at  all  levels  has  not  changed  at  all. 

Figure  7  shows  histograms  of  daily  maxima  of  wind  speed  and  shear.  The  distribution 
of  wind  shear  has  approximately  the  same  form  as  the  distribution  of  wind  speed  which 
suggests,  as  an  empirical  relation,  that  a  fractional  multiple  of  the  wind  speed  has  the  same 
distribution  as  the  wind  shear.  The  fractional  multiple  or  scale  factor  is  evaluated  in  Table  5.2. 

Both  Tables  5.1  and  5.2  support  the  approximate  relation  that  the  probability  of  exceeding 
a  wind  speed  difference  of  0-6  5  in  the  lowest  50  m  is  the  same  as  the  probability  of  exceeding 
a  wind  speed  5  at  the  10  m  level.  Some  such  sort  of  correlation  is  to  be  expected  between  wind 
speed  and  shear,  but  the  correlation  bears  a  closer  study  both  on  an  incident  by  incident  basis 
and  on  the  basis  of  plausible  mechanistic  types  of  arguments. 


6.  CHOICE  OF  INCIDENTS 

A. I  Criteria  Used  and  Classification  of  Incidents 

The  available  Bald  Hills  data,  amounting  to  100  days,  were  searched  for  any  occurrences  of: 

(a)  A  temperature  drop  or  rise  exceeding  2  C, 

(b)  A  wind  speed  difference,  between  adjacent  levels  in  excess  of  7-5  m  s, 

(c)  A  squall,  or  sudden  sustained  rise  in  wind  speed. 

The  details  of  how  these  phenomena  were  defined  arc  given  in  Appendix  1.  Table  6.1  lists  the 
incidents  chosen  for  further  examination,  and  Appendix  3  contains,  for  each  incident,  a  graph 


A. 
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Probability  that  maximum  (6  sec  average)  wind  speed  or  wind  speed  difference 

in  any  given  minute 


0  5  10  15 

Wind  speed  or  |  speed  difference  |  S  m/s 


Fig.  6  Probability  distribution  of  one  minute  maxima  of  wind  speed  and  shear. 


Fig.  7  Probability  distribution  of  daily  maximum  wind  speed  and  shear. 
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of  several  representative  parameters  recorded  during  the  incident.  The  incidents  were  classified, 
as  shown  in  one  of  the  columns  of  the  table,  according  to  the  following  criteria: 

Classification  Meaning 

of  incident 

1.  Temperature  drop  of  not  less  than  2°C  in  9  minutes,  plus  a  squall  at  any  two 
or  more  levels. 

2.  Temperature  drop  of  not  less  than  2°C  but  no  squall,  or  a  squall  at  only  one 
level. 

3.  A  squall  at  any  level(s)  but  no  accompanying  temperature  drop  of  significance. 
A  (3)  in  parentheses  indicates  that  a  squall  was  only  noted  at  one  level.  Other¬ 
wise  it  occurred  at  two  or  more  levels. 

4.  High  she.'*-  was  observed  but  no  squall  or  temperature  change. 

5.  Temperature  rise  of  at  least  2°C  plus  at  least  one  other  phenomenon.  (A  tempera¬ 
ture  .  withoui  any  accompanying  phenomenon  was  ignored.) 


Notes  on  TABLE  6.1 

A  figure  (usually  a  I)  in  columns  8,  9  or  10  represents  an  occurrence  of  the  corresponding 
phenomenon  during  the  course  of  the  incident.  A  “I”  in  the  squall  column  indicates  that  the 
wind  speed  rose  by  at  least  5  m/s  to  at  least  7-5  m/s  within  9  minutes,  and  a  “2"  in  the  column 
indicates  that  the  wind  speed  rose  by  at  least  8  m/s  to  at  least  1 1  m/s  within  9  minutes. 

Columns 

1  Date  of  incident 

2  Time  of  start  of  incident 

3  “T"  denotes  the  existence  of  a  simultaneous  TAST. 

4  Duration  of  incident  in  minutes 

5  Magnetic  tape  number 

6  Identification  at  start  of  incident 

7  Classification  of  incident 

8  Squall  at  level  I  10  m,  2  -  50  m.  3  —  100  m.  4  -  150  m 

9  High  shear  between  two  levels  A  --  50-10  m,  B  =  100-50  m.  C  —  150-100  m 

10  Significant  temperature  drop  (D)  or  rise  (R) 

1 1  Magnitude  of  temperature  drop 

12  Maximum  6-scc  average  wind  speed  (m/s)  at  10  m  level 

13  Max.  and  min.  6-scc  average  vert,  wind  speed  at  50  m  level 

14  6-sec  average  shear  (S50-S10)  of  maximum  magnitude  (m/s) 

15  Peak  2-minutc  rainfall  in  mm. 
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TABLE  6.1  ( Continued ) 

Incidents  Chosen  for  Study 


* 


6.2  Type  1  Incidents 

(i.e.  Temperature  drop  of  2'C  or  more  and  a  squall  at  two  or  more  levels.) 
A  total  of  7  type  1  incidents  occurred  as  follows: 


Date 

Start  of 

Onset  of 

TAST? 

incident 

Temp.  Drop 

13  Nov. 

0859 

0917 

Yes 

13  Nov. 

2131 

2149 

-No- 

26  Nov. 

1721 

1736 

Yes 

30  Nov. 

1554 

1610 

Yes 

4  Dec. 

1654 

1710  and  1730 

Yes 

24  Dec. 

1100 

1118 

-No- 

26  Feb. 

1443 

1502 

Yes 

(Note:  Times  of  start  and  onset  arc  in  hours  and  minutes,  using  local  standard  time.) 

It  is  probably  safe  to  conclude  that  all  of  the  type  1  incidents  occurred  because  of  gust 
fronts  associated  with  thunderstorm  passages.  All  but  two  of  the  incidents  occurred  during 
TAST  watch  periods,  and  one  of  the  exceptions  occurred  on  a  thunderday  (13  Nov.)  but  late 
at  night  after  scheduled  airline  flights  had  ceased  and  TAST  operations  had  become  unnecessary. 
The  other  exception  (24  Dec.)  had  all  the  hallmarks  of  a  thunderstorm  with  a  sudden  increase 
in  wind,  a  bearing  change,  a  significant  temperature  drop  and  simultaneous  onset  of  rain.  It 
may  represent  a  storm  whose  radar  echo  did  not  become  severe  enough  to  trigger  a  TAST 
watch,  and  whose  path  was  too  far  from  the  Eagle  Farm  observatory  for  thunder  to  be  heard. 


TABLE  6.2 


Date 

Onset  of 

Time 

Distance  from  Bald  Hills  to  Radar  Echo  (n.mile) 

Temp 

Drop 

of 

Tracing 

r  10' 

r  =  9*10'  c 

8*  |03 

R  12-5  mm/hr 

R  -  50  mm  hr  R  -■ 

150  mm  hr 

13  Nov. 

0917 

0915 

0-5 

0  5 

1  -8 

13  Nov. 

2149 

NO  TAST 

26  Nov. 

1736 

1740 

1  2 

5-8 

— 

30  Nov. 

1610 

1605 

3-4 

5-2 

— 

4  Dec. 

1710 

1715 

61 

8-2 

9-5 

24  Dec. 

1118 

NO  TAST 

26  Feb. 

1502 

1500 

0-2 

2  5 

5-2 

Notes 

1.  A  negative  distance  means  the  echo  had  already  passed  the  station  when  the  gust  front 
was  observed. 

2.  Distances  arc  distances  to  the  nearest  point  of  an  echo,  not  distances  parallel  to  the 
storm  movement. 

3.  R  is  estimated  rainfall  rate  corresponding  to  given  :  values. 
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It  is  desirable  to  relate  the  gust  front  position  to  the  radar  echoes  from  the  weather  radar. 
Unfortunately  simultaneous  photographs  of  the  weather  radar  screen  were  not  taken  during 
the  experiment.  It  has  been  possible  to  obtain  manual  tracings  of  the  radar  screen  which  are 
made  during  TAST  procedures,  but  as  the  tracing  has  to  be  done  in  haste,  it  may  represent  a 
considerable  simplification  of  the  complex  structure  of  a  real  storm.  The  simplified  tracings, 
though  quite  adequate  for  TAST  purposes,  may  be  quite  inaccurate  for  the  purpose  of  deter¬ 
mining  distances  between  gust  fronts  and  radar  echoes.  For  each  of  the  five  type  I  incidents  for 
which  TAST  tracings  are  available,  the  tracing  was  chosen  whose  time  was  closest  to  the  time 
the  gust  front  passed  Bald  Hills.  These  tracings  are  shown  in  Figures  8  to  12.  For  each  case 
the  distance  between  the  radar  echo  contours  and  Bald  Hills  has  been  read  off  and  tabulated 
in  Table  6.2. 


Storm  movement  T6  —  T9 


Notes:  (1)  6H  Denotes  Rainfall  intensity  (e.g.  6'7hr)  Hail 
420  Max.  height  of  radar  echo  (42000  ft) 

(2)  S  =  Mean  speed  of  storm  centres  from 

tracing  T6  to  tracing  T9 

(3)  W  =  Mean  wind  speed  over  heights  0-25000  ft 

from  radiosonde  at  12  Nov/2200  GMT 
W  =  270°/16  knot 


12/2200  Z 
Mean  wind  0-25000 
W  =  270° 

16  knots 

Circle  is  15n  mile  rad. 


Bald  Hills  —  7 


Fig.  8  Manual  tracing  of  weather  radar  P.P.I.  13  Nov.  1976  at  0915  EST. 


Tracing  No.  T10 
Date/Time  :  GMT  26/0740  2 
:  Local  26/1740  L 
Nov.  1976 


Fig.  9  Manual  tracing  of  weather  radar  P.P.  I. 
26  Nov.  1976  at  1740  EST. 


Storm  movement  T 
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Tracing  No.  T12 
Date/Time  :  GMT  30/0605  Z 
:  Local  30/1605  L 
Nov.  1976 


30/0400  Z 
Mean  wind  0-1 5000 
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Manual  tracing  of  weather 
radar  P.P.I.  30  Nov.  1976 
at  1605  EST. 


Fig.  11  Manual  tracing  of  weather  radar  P.P.I.  4  Dec.  1976  at  1715  EST. 


Fig.  12  Manual  tracing  of  weather  radar  P.P.I.  26  Feb.  1977  at  1500  EST. 


Fig.  14  Comparison  of  VIP  photograph  on  7  Nov.  1977  at  1845  EST  with  manual  P.P.I 
tracing  at  1850  EST. 


As  well  as  the  errors  inherent  in  tracing  the  screen  there  are  two  other  possible  causes  of  error. 

(a)  Radar  calibrations  tend  to  drift  with  time. 

(b)  In  the  case  of  the  two  storms  of  26  Nos  ember  and  30  November,  only  two  levels  of 
echoes  are  shown.  It  is  likely  that  the  r  10'  echo  may  have  covered  so  much  of  the 
screen  that  it  was  not  drawn  in.  In  this  case  (he  distances  for  these  two  storms  should 
all  be  moved  one  column  to  the  right. 

A  measure  of  the  simplifications  possibly  involved  in  TAST  tracings  can  be  obtained  from 
the  comparison  in  f  igures  13  and  14.  Both  of  these  figures  show  the  same  underlying  radar 
picture  obtained  at  1 840  local  time  on  7  November  1477.  using  a  Wf  44  10  cm  weather  radar 
specially  modified  by  the  addition  of  a  Video  Integrator  Processor  (VIP)  so  as  to  display  a  maxi¬ 
mum  of  six  levels  of  reflectivity  (sec  Meighen  <7  ul..  147K).  f  igure  13  shows,  superimposed,  the 
TAST  tracing  taken  5  minutes  previously  from  a  normal  3  level  display,  and  figure  14  shows, 
superimposed  the  TAST  tracing  taken  5  minutes  after  the  6-level  photograph.  It  is  to  be  expected 
that  the  levels  chosen  in  the  two  systems  will  not  match,  so  that  the  lines  will  not  coincide.  However 
it  is  also  to  be  expected  that  the  lines  of  the  3-level  TAST  tracing  should  generally  interpolate 
(and  smooth)  the  lines  of  the  6-level  VIP  display.  The  actual  correlation  in  the  two  figures  is 
in  fact  quite  surprisingly  poor,  though  it  is  not  known  at  this  stage  whether  the  poor  correlation 
was  due  to  incorrect  setting  up  of  the  VIP  (which  had  only  recently  been  installed),  misadjust- 
ment  of  the  normal  PPI,  or  the  speed  required  in  tracing  the  echoes.  However,  at  this  time  it 
may  be  necessary  to  treat  the  data  in  Table  6.2  with  some  caution.  Distances  from  the  centre 
of  the  storm  may  be  more  accurate  than  the  distances  from  particular  contours.  It  may  one  day 
be  possible  to  provide  automatic  pictures  of  the  radar  screen  on  a  facsimile  machine.  In  fact 
this  is  presently  possible  under  the  C'APPI  system,  which  has  the  additional  advantage  ol  pro¬ 
viding  C  onstant  Altitude  sections  through  the  storm.  W  ith  such  pictures,  and  several  accurately 
timed  Dines  anemometer  charts  from  different  stations  in  the  area  covered  by  the  storm,  it 
would  be  possible  to  obtain  a  very  good  idea  of  the  probability  distribution  of  distances  from 
the  gust  front  to  the  radar  echo. 


Temperature  drop  (°C) 


Fig.  15  Correlation  between  temperature  drop  and  wind  shear  for  type  1  incidents  (after 
Hall  et  at).  The  emphasised  points  were  obtained  at  Bald  Hills,  the  others  are  the  ones 
shown  by  Hall  et  al. 


The  relation  between  the  peak  6-sec  average  shear  and  the  temperature  drop  for  the  seven 
type  I  incidents  is  shown  in  Figure  15.  The  same  figure  also  shows  the  points  obtained  or  cited 
by  Hall  cl  al.  (1976).  The  data  differ  slightly  in  that  here  a  6-sec  average  shear  is  used  rather 
than  the  10-sec  average  us<.d  by  Hall  ct  al.  The  method  used  here  to  define  the  temperature 
do  ,1  is  in  Appendix  I.  Hall  cl  al.  do  not  supply  any  information  of  the  method  they  used  to 
deline  the  temperature  drop.  Even  with  the  slight  variations  in  definitions,  the  present  data  plot 
generally  within  the  scatter  band  chosen  by  Hall  ct  al.  (based  on  a  simplified  physical  model) 
and  shown  in  Figure  15  as  a  stippled  rone.  The  equations  of  this  scatter  band  are  0  057  \  J T  < 
shear  <  0 ■  1 1 4 \  JT.  (There  is  a  discrepancy  between  the  scatter  band  shown  by  Hall  cl  al.  and 
the  coefficients  in  the  inequalities  they  quote.  Here  the  scatter  band  adopted  is  the  one  shown 
in  their  figure.) 

The  correlation  between  peak  wind  speed  and  temperature  drop  for  the  type  I  incidents 
is  shown  in  Figure  16,  which  also  shows  the  points  used  by  Fawbush  and  Miller  (1954).  The 
scatter  of  the  present  points  is  quite  similar  to  that  of  the  points  they  showed.  It  is  also  of  interest 
to  compare  the  observed  downrush  temperatures  that  would  be  predicted  by  the  Brancato 
method  recommended  by  Fawbush  and  Miller.  Radiosondes  measure  profiles  of  temperature, 
pressure  and  mixing  ratio  (i.e.  water  content  expressed  in  gram  of  water  per  kg  of  air)  at  Eagle 
Farm  at  8  a.m.  local  time  each  morning.  From  these  soundings  it  is  possible  to  determine  the 
level  at  which  the  wet  hulb  temperature  is  zero,  and  from  the  wet  adiabatic  lines  marked  on  the 
standard  aerological  diagrams  it  is  possible  to  obtain  the  surface  temperature  of  a  parcel  of  air 
moved  wet  adiabuticaliy  from  the  level  of  the  wet  bulb  zero  to  ground  level. 


E  30  F- 


35 

30 

25 

20 

15 

10 

5 

0 


/  /  / 

/  /  I 
/ 

**/  **  / 
*•// 

if! * 

/•  f  /• 

nr 

tj  /• 

i%/.. 

w 

I  /  / 


J _ L 


J _ L 


Fawbush  and  Miller's  regression 
on  curve  and  standard  error  of 
estimate 


Fig.  16  Correlation  between  mea¬ 
sured  temperature  drop 
and  peak  wind  gust  for 
type  1  incidents  (after 
Fawbush  and  Miller).  The 
emphasised  points  were 
obtained  at  Bald  Hills, 
the  others  are  the  ones 
shown  by  Fawbush  and 
Miller. 
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TABLE  6.3 


Date 

Local 

Balloon  Soundings 

Surface  Observations 

Time 

- 

Height  of 

Predicted 

Actual 

Actual 

wet  bulb 

downrush 

temp,  before 

temp,  after 

zero 

temp. 

downrush 

downrush 

(mbar) 

(  c> 

(  C) 

(C) 

13  Nov. 

0800 

675 

16-5 

13  Nov. 

0859 

25-3 

21  0 

13  Nov. 

2131 

24-8 

21-8 

14  Nov. 

0800 

640 

18  25 

26  Nov. 

0800 

695 

15  5 

26  Nov. 

1721 

28-0 

251 

27  Nov. 

0800 

675 

16  5 

30  Nov. 

0800 

655 

17-5 

30  Nov. 

1554 

31  4 

19  9 

1  Dec. 

0800 

720  appr. 

14  5 

4  Dec. 

0800 

670 

16  7 

4  Dec. 

1654 

26-7 

215 

5  Dec. 

0800 

695 

15  5 

24  Dec. 

0800 

645 

18  0 

24  Dec. 

1100 

25-9 

21  -9 

25  Dec. 

0800 

690  appr. 

■>  15-7 

26  Feb. 

0800 

620 

190 

26  Feb. 

1443 

28-9 

23-4 

27  Feb. 

0800 

670 

16  7 

Tabic  6.3  shows  these  predicted  downrush  temperatures  for  soundings  taken  before  and  after 
each  of  the  type  I  storms.  The  actual  temperatures  observed  before  and  after  the  downrush  at 
the  10  m  level  on  the  Bald  Hills  tower  are  also  shown.  (The  method  of  definition  of  these  tempera¬ 
tures  is  given  in  Appendix  I.)  In  all  eases  the  observed  downrush  temperature  is  greater  than 
the  predicted  one.  Fawbush  and  Miller  concluded  that  “strong  gusts  associated  with  thunder¬ 
storms  may  be  expected  only  in  those  areas  where  the  wet-bulb  zero  is  less  than  1 1.000  ft  above 
the  earth's  surface."  The  670  mbar  surface  corresponds  to  an  altitude  of  approximately  1 1,000  ft 
so  most  of  the  occurrences  in  the  table  are  right  at  the  limit  of  this  condition.  Thus  the  high 
observed  downrush  temperatures  may  be  because  air  from  the  level  of  the  wet-bulb-zcro  never 
reached  the  surface.  Alternatively  they  may  be  due  to  entrainment  and  mixing  of  air  during 
the  downdraft’s  descent  and  oulllow  over  the  surface.  With  the  limited  information  available 
it  is  not  possible  to  choose  between  these  two  alternatives. 

The  most  severe  of  the  type  I  incidents  was  the  storm  on  30  November,  with  the  gust  front 
passing  at  1605  local  time.  The  peak  gust  of  28  -5  m/s  corresponded  to  a  5  year  return  period 
for  the  Brisbane  area.  The  graph  of  a  sample  of  significant  recorded  parameters  during  the  storm 
is  shown  in  Figure  17,  and  Figures  1 8  and  19  show  surface  charts  preceding  and  at  the  time  of  the 
storm.  It  is  apparent  from  these  that  the  storm  is  associated  with  a  pre-frontal  trough  depression. 
Figure  20  shows  the  aerological  diagram  produced  at  the  morning  sounding,  and  the  balloon 
measurements  of  the  upper  winds  before  and  after  the  storm  arc  plotted  as  hodographs  in 
Figure  21.  Note  that  for  the  hodographs  presented  here  and  later,  the  convention  is  that  the  wind 
vector  is  from  the  origin  to  the  hodograph. 
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Fig.  17(b)  Vertical  wind  component  recorded  during  the  thunderstorm  and  gust  front  passage 
on  30  Nov.  1976. 
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Fig.  1 7(c)  Wind  speeds  recorded  during  the  thunderstorm  and  gust  front  passage  on  30  Nov,  1976. 
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Fig.  17(d) Shears  recorded  during  the  thunderstorm  and  gust  front  passage  on  30  Nov.  1976 


Fig.  18  Surface  chart  preceding  storm  on  30  Nov.  1976. 


Fig.  19  Surface  chart  at  time  of  storm  on  30  Nov.  1976. 


Fig.  20  Aeroiogical  diagram  on  30  Nov.  1976  at  0800  EST. 
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Fig.  21  Hodographs  of  wind  velocity  at  different  altitudes  at  Eagle  Farm  on  30  Nov.  1976. 
Altitudes  are  noted  in  100's  of  feet. 


6.3  Type  2  Incidents 

(i.  e.  a  temperature  drop  not  accompanied  by  squalls  or  with  a  squall  at  not  more  than  one  level.) 
A  total  of  10  type  2  incidents  occurred  as  follows: 


Sea  breeze  fronts 

23  Nov. 

1758 

II  Dec. 

1231 

28  Dec. 

1 121 

4  Jan. 

1110 

24  Jan. 

1145 

7  Feb. 

1108 

(b)  Mild  Thunderstorm 

28  Nov.  1124 

(c)  Evaporative  cooling  associated  with  small  falls  of  rain 

23  Dec.  1034 

2  Feb.  1 734 

(d)  Unknown  cause 

16  Jan.  1 1  37 
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The  major  cause  of  type  2  incidents  seems  to  be  the  passage  of  a  sea  breeze  front.  Such 
incidents  are  marked  by  a  temperature  drop,  a  moderate  but  sudden  increase  in  wind,  and  a 
change  of  bearing,  with  winds  before  the  change  generally  being  from  the  west  (land  breeze) 
and  swinging  to  the  east  (i.e.  front  the  sea)  as  the  temperature  drop  becomes  established.  It  is 
of  interest  to  note  that  all  but  one  of  these  fronts  occurred  around  midday,  which  is  the  usual 
time  for  the  sea  breeze  to  come  in  at  Brisbane,  The  one  exception  at  around  6  p.m.  has  been 
included  in  this  group  because  it  also  shows  a  signi/icanl  temperature  drop  and  mild  wind  speed 
rises  at  all  levels,  associated  with  a  wind  direction  change  from  west  to  east  and  later  north-east. 

The  case  occurring  on  28  November  has  been  attributed  to  a  thunderstorm  because  it 
occurred  on  a  thunderday  and  during  a  TAST  watch. 

The  two  incidents  associated  with  evaporative  cooling  are  both  marked  by  fairly  sudden 
temperature  drops  at  about  the  same  time  as  a  small  fall  of  rain,  followed  by  a  gradual  return 
to  normal  temperatures  over  the  next  half  hour. 

The  remaining  temperature  drop  ease  for  which  it  has  not  been  possible  to  suggest  a  cause 
occurred  on  16  January  at  1 137.  The  temperature  drop  was  quite  large  (4-5  C)  and  was  preceded 
by  15  minutes  of  almost  continuous  updraft  measured  at  all  levels  on  the  tower.  However  winds 
were  almost  continuously  from  the  North  and  showed  very  little  tendency  to  increase  suddenly 
during  the  incident.  No  rain  occurred. 


6.4  Type  3  Incidents 

(i.e.  a  squall  at  any  level  or  levels  without  any  accompanying  significant  temperature  change.) 

A  total  of  17  type  3  incidents  occurred,  the  majority  of  which  appear  to  be  associated  with 
storms  or  rain,  although  there  is  one  sea  breeze  incident,  and  a  few  events  which  it  has  not  been 
possible  to  find  an  explanation  for.  A  classification  of  type  3  incidents  follows: 

(a)  Occasions  when  a  TAST  was  declared  just  before,  during,  or  shortly  after  the  incident. 


12 

Nov. 

2050- 

2250 

14 

Nov. 

0627 

0727 

21 

Nov. 

1 1 50- 

1 250 

21 

Nov. 

1436- 

1 536 

12 

Dec. 

1802 

2102 

(b)  Incidents  occurring  on  a  thunderday  although  a  TAST  was  not  declared. 

15  Nov  .  04190519 

15  Nov.  0948  1048 

15  Nov.  1307-1407 


(c)  Other  incidents  associated  with  rain. 


23  Dec. 

24  Dec. 
24  Jan. 

2  Feb. 


1513  1613 
0530  0630 
1857  1957 
1930  2030 


(intermittent  gentle  rain) 

(gentle  rain  before  and  just  after  a  front) 

(fairly  heavy  rain  following  a  small  temperature  drop) 
(heavy  rain) 


(d)  Sea  breeze  incident  (a  small  temperature  drop  occurred.) 
7  Jan.  1218  1318 


(e)  Other  incidents. 

5  Dec.  0849-0949 

2  Jan.  1544-1714 

24  Jan.  2015  2115 

II  Feb.  0735  0835 
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mean  vertical  profiles  of  wind  speed. 


6.5  Type  4  Incidents 

(i.e.  Strong  shear  not  accompanied  by  squalls  or  significant  temperature  changes.) 

A  total  of  15  such  incidents  occurred.  All  are  characterised  by  a  steady  wind  direction 
and  a  steady  temperature.  Only  one  of  the  incidents  (4  February  at  0645)  was  accompanied  by 
rain,  and  that  was  only  slight.  The  wind  is  generally  fairly  strong  and  turbulent.  In  most  cases 
the  speed  fluctuated  between  5  m/s  and  8  m/s.  That  is  probably  because  higher  wind  speeds 
happen  so  rarely  as  scarcely  to  have  been  encountered  during  the  100  day  period  except  in 
storms.  On  only  one  occasion  (15  February  at  1043)  was  the  wind  lower,  at  3-6  m/s,  and  this 
was  only  accompanied  by  one  or  two  small  bursts  of  shear.  There  were  two  occasions  (16  Nov. 
at  1305  and  23  January  at  1422)  when  the  wind  was  . lightly  stronger  at  6-10  m/s. 

The  type  4  incidents  are  of  some  interest  in  that  flow  conditions  have  remained  steady  for 
a  considerable  time,  allowing  fairly  steady  boundary  layer  conditions  to  become  established. 
For  example  the  case  on  27  February  at  1505  (see  Fig.  22)  is  of  some  interest  in  that  there 
are  quiescent  periods  when  the  (low  becomes  fairly  steady  with  a  typical  vertical  profile  of  wind 
speed.  Interspersed  are  periods  of  vertical  updrafts,  generally  stronger  at  greater  altitude.  The 
updrafts  carry  up  air  with  lower  momentum,  causing  notable  drops  in  the  wind  speed  at  higher 
altitude  during  these  periods.  Figure  22  shows  the  graphs  of  wind  speed  and  vertical  wind 
component,  using  a  6  second  averaging  time,  and  below  these  graphs  are  successive  vertical 
profiles  of  wind  speed  based  on  6-minute  average  speeds.  Below  each  profile  is  the  best  fit  value 
of  m  to  describe  the  profile  by  equation  f.f.  The  time  history  of  wind  shears  is  shown  in  Figure  23. 
The  shear  in  the  lowest  height  band  is  by  no  means  steady  even  during  the  steady  periods  of  the 
tower  wind  speed  traces.  However  the  big  sudden  changes  in  shear  appear  to  be  related  to  the 
updrafts  as  indicated  by  the  wind  speed  profiles. 

Three  of  the  type  4  incidents  were  chosen  for  detailed  study.  They  were  all  incidents  (see 
Table  8.2)  in  which  the  30  second  average  shear  fell  into  the  "strong"  or  "severe"  category.  For 
each  incident,  figures  are  reproduced  here  which  show  : 

(a)  A  time  history  of  a  sample  of  parameters  recorded  during  the  incident. 

(b)  A  surface  pressure  chart  or  charts. 

(c)  Balloon  measurements  of  upper  winds. 

(d)  Radiosonde  profiles  of  temperature  and  mixing  ratio. 

The  figure  numbers  for  the  various  figures  for  the  three  incidents  are  shown  in  the  following 
table: 


Type  4  Incidents  Described  in  Detail 


Date  of  incident 

4  Jan.  77 

2  Feb.  77 

27  Feb.  77 

Time  of  incident 

1330-1430 

1200-1300 

1505-1725 

Time  History  figures 

24 

28 

32 

Surface  Chart  figures 

25 

29 

33.  34.  35 

Upper  Wind  figures 

26 

30 

36 

Radiosonde  Profile  figures 

27 

31 

37 

Examination  of  the  surface  charts  for  these  incidents  shows  that  they  arc  all  associated 
with  a  ridge  of  high  pressure  extending  from  the  south  whilst  a  pressure  trough  runs  parallel 
but  some  distance  inland. 


Fig.  25  Surface  chart  at  time  of  type  4  incident  on  4  Jan.  1977. 
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Fig.  26  Hodograph  of  wind  velocity  on  4  Jan.  1977  at  1400  EST,  at  Eagle  Farm.  Altitudes 
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Fig,  27  Aerological  diagram  on  4  Jan.  1977  at  0800  EST. 
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Fig.  31  Aerological  diagram  on  2  Feb.  1977  at  0800  EST. 


Fig,  34  Surface  chart  at  time  of  type  4  incident  on  27  Feb.  1977, 
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6.6  Type  5  Incidents 

(i.c.  A  temperature  rise  accompanied  by  at  least  one  other  phenomenon) 

A  total  of  5  such  incidents  occurred,  two  in  which  the  temperature  rise  was  associated  with 
significant  temperature  drops,  and  three  in  which  the  temperature  rise  was  associated  with  high 
shears.  The  incidents  associated  with  temperature  drops  occurred  on  30  December  at  0955  and 
25  February  at  0957.  Both  incidents  were  associated  with  high  temperatures  (around  35rC),  low 
wind  speed  (around  2  m  s)  and  fairly  active  vertical  wind  components.  They  appear  to  be  con¬ 
vective  situations,  and  their  main  effect  on  aircraft  would  be  the  updrafts  w'hich  can  suddenly 
rise  to  2  m  s  for  periods  of  the  order  of  3  minutes. 

The  other  three  incidents  in  this  category  are  all  associated  with  high  shear.  They  occurred  on 

1 6  Dec.  at  1 1 40, 

25  Jan.  at  1205, 

12  Feb.  at  1257. 

and  are  associated  with  fairly  warm  irregularly  varying  temperatures,  and  moderate  wind  speeds. 
For  these  three  incidents  the  time  histories,  surface  charts  and  balloon  measurements  were 
obtained  and  arc  presented  in  the  figures  indicated  in  the  following  table: 


Date  of  incident 

16  Dec.  76 

25  Jan.  77 

12  Feb.  77 

Time  of  incident 

1 1 40- 1 300 

1205-1505 

1257-1357 

Time  History  figures 

38 

43 

49 

Surface  Chart  figures 

39.  40 

44.  45.  46 

50.  51 

Upper  W  ind  figures 

41 

47 

52 

Radiosonde  Profile  figures 

42 

48 

53 

The  incident  on  16  December  was  associated  with  a  frontal  type  change  in  wind  direction, 
but  the  concurrent  wind  speed  changes  were  only  minor.  The  surface  chart  shows  that  a  cold 
front  was  approaching  Brisbane  at  this  lime.  All  of  the  incidents  were  associated  with,  fairly 
active  vertical  winds,  which  in  the  case  of  the  12  February  incident  (see  Fig.  54)  included  an 
updraft  which  exceeded  5ms  at  the  150m  level.  Such  conditions  in  conjunction  with  high 
shears  may  represent  a  hazardous  situation  for  aircraft.  The  vertical  activity  is  presumably 
convective  in  nature. 
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Fig.  41  Hodographs  of  wind  velocity  at  Eagle  Farm,  for  type  5  incident  on  16  Dec.  1976 
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Fig.  42  Aerological  diagram  on  16  Dec.  1976  at  0800  EST. 
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Hodograph  of  wind  velocity  at  Eagle  Farm  for  type  5  incident  on  25  Jan.  1977. 
Altitudes  noted  in  100's  of  feet. 


Fig.  48  Aerological  diagram  on  25  Jan.  1977  at  0800  EST. 
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Fig.  49  A  selection  of  parameters  recorded  during  the  type  5  incident  on  12  Feb.  1977 
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Fig.  52 


12  Feb 

1400  Local  time  (EST) 
Altitudes  noted  in 
100's  of  feet 


Hodograph  of  wind  velocity  at  Eagle  Farm  at  time  of  type  5  incident  on  12  Feb.  1977 


Altitudes  noted  in  100's  of  feet. 
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Fig.  53  Aerological  diagram  on  12  Feb.  1977  at  0800  EST. 


7.  WIND  SPEED  PROFILES 


The  conventional  power  law  velocity  profile  for  horizontal  wind  speed,  S,  is  given  by  the 
equation 

S.Sa  (;.;„)'"  (7.1) 

which  lor  the  purpose  of  fitting  the  parameter  in  can  he  written  in  the  form 

In  .S'  min;  C  (7.2) 

and  using  a  conventional  least  squares  technique  the  parameters  in  and  C'  can  be  calculated. 
Writing  >’  for  In  A'  and  A  for  In  ;  we  have  for  the  best  lit  to  V  sets  of  A’,  >'  pairs 

in  (  VI’A  >  AWiT'KAT'A-  (TA)')  (7. A) 

C  1 2.')  inl'X)  X  (7.4) 

and  the  goodness  of  fit  of  the  equation  is  measured  by  the  correlation  coefficient 

r  (.\r.V)  I'.Xl'Y)  \  «.Y2.'A-  (2.'.V)-)  (A2.' >  -  -  (2.’)  )-).  (7.5) 

In  the  following  discussion  any  data  set  for  which  the  correlation  coefficient,  r.  was  less  than 
0-9  was  ignored.  The  wind  speed  data  used  were  moduli  of  the  6  minute  average  of  the  horizontal 
wind  vectors  at  the  nominal  levels  10  m.  50  m.  100  m.  150  m  and  (when  available)  200  m. 
Naturally  in  calculating  in  the  exact  values  of;  were  used. 

The  in  values  were  calculated  at  6  minute  intervals  for  all  the  data  in  the  incidents  tabulated 
in  Section  6.1.  This  totalled  67-5  hours  of  data.  The  velocity  profile  will  depend  on  the  degree 
of  turbulence  (which  influences  mixing  and  lapse  rate)  and  possibly  the  bearing  from  which  the 
wind  comes.  There  is  a  fair  correlation  between  wind  speed  and  degree  of  turbulence  so  here 
we  have  analysed  the  data  as  a  function  of  wind  speed  and  approach  bearing.  Figure  55  shows 
how  in  varies  with  wind  speed  at  the  10  m  level.  Tor  wind  speeds  above  about  8  m  s  the  mean 
value  of  in  appears  fairly  steady  at  about  0- 16  to  0-  IS  as  might  be  expected  for  a  fairly  open 
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Fig.  55  Values  of  the  wind  speed  profile  exponent,  m,  as  a  function  of  mean  wind  speed. 
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Fig.  56  Value  of  the  wind  speed  profile  exponent,  m,  for  cases  where  the  mean  wind  speed 
exceeds  5  m/s  as  a  function  of  bearing  from  which  wind  approaches  the  Bald  Hills 
site. 
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Nile.  Brook  anil  Spillane  (1968)  and  Blackman  (ll)72)  both  find  similar  values  and  a  similar 
scatter  of  values  for  somewhat  similar  terrain.  There  is  however  insufficient  of  this  data  to  attempt 
any  analysis  by  direction  of  wind  approach.  If  wind  speeds  above  about  5  m  s  are  considered 
there  are  more  data  available,  although  the  scatter  is  somewhat  worse.  However  the  mean  value 
is  still  somewhere  around  016  to  0 •  I S  so  a  classification  by  bearing  was  attempted  for  these 
data,  f  igure  56  shows  the  result.  There  is  perhaps  a  slight  tendency  to  lower  values  of  m  when 
the  wind  conies  from  a  bearing  around  120  degrees,  and  to  higher  values  of  in  when  the  wind 
comes  from  about  300  degrees  but  little  more  than  this  can  be  said  concerning  the  bearing  etl'ecl. 

A  question  of  interest  concerns  the  value  of  m  in  thunderstorms.  It  is  possible  that  because 
the  strong  winds  in  thunderstorm  gust  fronts  originate  from  downdrafts,  and  do  not  usually 
travel  very  far  horizontally,  a  normal  velocity  profile  will  not  develop  to  any  appreciable  extent. 
However  this  hypothesis  is  not  supported  by  the  present  data.  In  fact  all  the  points  shown  in 
figure  55  corresponding  to  wind  speeds  greater  than  9  m  s  are  due  to  the  following  type  1 
incidents: 

13  Nov.  197b  0859  0959 
13  Nov.  1976  2131  2231 
26  Nov.  1976  I  72 I  I 82 1 


30  Nov.  1976  1554  1654 
4  Dec.  1977  1654  1854 


and  it  is  precisely  these  points  which  show  the  least  scatter  and  a  close  approach  to  the  value 
of  m  which  would  be  expected  for  this  type  of  moderate's  open  terrain. 

8.  K.KKKCT  OK  IIKIGHT.  PK.AK  VALTE  STATISTIC  S.  AM)  A\  KKAC.IM,  TIME 

I  igure  57  shows  how  the  probability  distribution  of  the  wind  speed  varies  with  height 
I  or  computational  convenience  the  distribution  of  peak  6-second  average  wind  speed  each 


63 


Probability  of  wind  speed  exceeding  S 


minute  is  shown.  At  the  midrange  probability  levels  (and  with  less  certainty  at  the  low  probability 
extreme  value  end)  we  have  for  the  wind  speed  encountered  with  a  given  probability: 

■S50  1  •  2  5 1 1) 


S uni  I  -3  A’ in 


For  comparison,  the  Australian  Standard  Loading  Code  for  wind  forces  (CA  34  Part  2)  gives: 


Terrain  category  2 
e.g.  airport 


Terrain  category  3 
e.g.  suburban  housing 


S’so  I  ■  15  Sw 


Sin  I  -25  Sin 


Smn  I  21  Sin 


Smn  I  -37  S'm 


The  tower  data  are  therefore  compatible  with  a  terrain  category  intermediate  between  category  2 
and  category  3.  It  should  however  be  noted  that  there  is  a  small  discrepancy  between  the  values 
of  the  exponent  m  assumed  by  the  Australian  code  (0  085  and  014  for  terrain  categories  2 
and  3  respectively)  and  the  general  mean  value  of  ()•  16  to  0  - 18  found  for  the  Bald  Hills  site  for 
the  strongest  wind  cases.  It  is  possible  that  for  the  strong  wind  eases  at  Bald  Hills  a  eompensatingly 
smaller  gradient  height,  r».  would  be  found  than  that  in  the  code. 

In  Figure  58  the  probability  distribution  of  6-second  average  wind  speed  is  compared  with 
the  extreme  value  distributions  for  the  peak  6-second  average  wind  speed  each  minute,  each 
day  and  each  year.  (The  data  for  the  annual  maxima  were  not  obtained  from  the  Bald  Hills 
network.  They  are  given  in  Appendix  2.)  If  Si p)  is  the  p-pcrcenlile  value  of  wind  speed,  and 

S,,(  T,  p)  is  the  p-percentile  value  of  the  peak  wind  speed  over  a  period  T,  we  have  approximately: 


S,,(  I -minute,  />)  1-2  S(p) 

S,,(  I  -day,  p)  I -2. $'(/>)  •  6111s 

.V(,(  I -year,  p)  2-5  Sip)  18  ms 

A  variation  in  averaging  time  makes  very  little  difference  to  the  probability  distribution 
of  winds  below  about  6  in  s.  as  may  be  seen  in  Figures  59  and  60.  At  slightly  higher  wind  speeds, 
up  to  about  10  m  s,  averaging  time  makes  quite  a  considerable  difference,  but  at  still  higher 
wind  speeds  (where  however  the  sample  si/e  is  too  small  to  exclude  the  possibility  of  random 
fluctuations)  the  effect  of  averaging  time  decreases  markedly.  A  possible  explanation  for  this  is 
that  there  are  two  types  of  flow  present.  Velocities  up  to  10  m  s  may  occur  predominately  under, 
say,  extensive  pressure  systems  which  give  rise  to  turbulent  Dow  with  moderate  velocities  over 
long  fetches.  Under  these  conditions  the  turbulent  length  scale  is  short,  of  the  order  of  the  height, 
say  10  m.  and  the  higher  velocity  peaks  are  short  duration  gusts.  Many  such  gusts  are  markedly 
reduced  by  increases  in  the  averaging  time.  On  the  other  hand  velocities  over  12  ms  may  occur 
predominately  in  ordered  structures  (such  as  cold  air  outflows)  associated  with  thunderstorms, 
and  in  these  ordered  structures  the  length  scale  is  of  the  order  of  the  transverse  dimension 
( 5(H)  m  to  2000  m)  and  velocities  may  remain  fairly  constant  over  periods  ol  30  seconds,  or 
even  300  seconds.  Some  support  for  this  hypothesis  can  be  obtained  by  finding  those  occasions 
when  the  wind  speed,  measured  with  a  30  second  averaging  period,  exceeds  I2m,s.  These 
occasions  are  listed  in  Table  8. 1,  and  all  of  them  occurred  during  type  I  incidents,  when  a  thunder¬ 
storm  occurred  with  a  cold  outflow  causing  a  temperature  drop  of  2  C  or  more.  The  last  column 
of  Table  8.1  gives  the  ratio  of  the  time  for  which  the  30-second  average  speed  is  greater  than 
12  111  s  to  the  time  the  6-second  average  speed  is  greater  than  12  m  s.  The  fact  that  the  numbers 
are  all  close  to  unity  supports  the  suggestion  that  the  choice  of  averaging  time  is  not  very  critical 
in  this  type  of  incident.  Moreover  all  the  values  of  this  ratio  are  greater  than  0-62.  the  value 
of  the  same  ratio  for  the  10  m  s  exceedances,  and  this  suggests  that  statistical  scatter  alone  is 
not  sufficient  to  explain  the  rise  111  the  curve  of  Figure  59  beyond  10  m  s.  If  the  hypothesis  is 
correct,  that  the  averaging  time  does  not  greatly  a  fleet  the  probability  of  exceeding  latge  wind 
speeds  in  thunderstorm  incidents,  then  there  are  implications  for  building  designers.  Some 
wind  load  codes  allow  a  reduction  in  the  design  speed  for  large  frontal  areas  which,  it  is  supposed, 
cannot  be  completely  enveloped  by  the  3-second  design  gust.  This  supposition  may  not  be 
supported  in  regions  where  the  design  wind  occurs  predominately  in  thunderstorm  type  incidents. 
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Probability 


Fig.  59 


Effect  of  averaging  time  on  probability  distribution  of  wind  speed  measured  at  the 
10  metre  level. 
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Ratio  of  Probabilities 
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Fraction  of  time  wind  speed 
is  in  2  m/s  band  shown 
for  6-second  average  value. 
(Left  hand  scale) 


Fraction  of  time  N-sec  av.  in  band 
F  raction  of  time  6-sec  av.  in  band 
(Right  hand  scale) 
for  averaging  times  shown 


3-sec  averaging  time 


30-sec  averaging  time 


300-sec  averaging  time 


Wind  speed  S  (m/s) 


Fig.  60  Effect  of  averaging  time  on  histogram  of  wind  speed  measured  at  the  10  metre  level. 
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Fig.  61  Comparison  of  shear  probability  distribution  and  various  extreme  value  distributions. 
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Probability  that  N-sec  ave.  shear,  S„.  —  S,n,  is  greater  (or  less)  than  S 


Fig.  64  Effect  of  averaging  time  on  histograms  of  shear  in  the  lowest  50  m. 


For  wind  shear,  Figure  6!  compares  the  probability  distribution  of  the  6-second  average 
wind  speed  difference  between  anemometers  at  the  50  m  and  10  m  levels  with  the  peak  6-second 
average  value  each  day.  For  a  given  probability  level  the  peak  value  each  minute  is  about  20% 
greater  than  the  corresponding  percentile  value,  and  the  peak  value  each  day  is  greater  by  a 
further  5  m/s.  The  effect  of  averaging  time  is  much  greater  with  wind  shear  than  with  wind 
speed.  Figure  62  shows  cumulative  probability  curves  for  averaging  times  of  6  seconds  and 
300  seconds.  Because  the  shear  distribution  tails  off  in  both  positive  and  negative  directions,  and 
because  the  plots  use  logarithmic  probability  scales,  it  is  desirable  to  plot  both  the  probability 
of  a  shear  exceeding  a  given  value,  and  the  probability  of  it  being  less  than  a  given  value.  This 
has  been  done  in  Figure  62.  Figure  63  repeats  the  curves  of  Figure  62  for  the  6-second  average 
shear,  and  also  shows  how  averaging  time  affects  the  probability  of  exceeding  a  given  shear. 
For  a  30  second  averaging  time,  a  moderate  shear  of  5  m/s  is  only  exceeded  0-45  times  as  often 
as  with  a  6-sccond  averaging  time,  and  a  severe  shear  is  (by  extrapolation)  only  exceeded  one 
tenth  as  often  as  with  a  6-second  averaging  time.  Figure  64  gives  a  similar  set  of  curves  for  the 
probability  density  (or  histogram).  Increasing  the  averaging  time  increases  the  occurrence  of 
shears  around  the  mean  value  of  I  m/s  and  decreases  the  occurrence  of  extreme  shears. 

TABLE  8.1 


Occasions  on  which  wind  speeds,  Sl0,  having  30-second  average  values  in  excess  of  12  m/s 

were  recorded 


Date 

1976 

Time 

1 

Tape  ' 

File 

Number 

Period  (sec)  during 
which  /V-sec  average 
speed  is  greater 
than  12  m/s 

N  =--  30  A  —  6 

A  B 

Ratio 

A/B 

13  November 

0916-0929* 

203  I 

3 

270 

312 

0-865 

13  November 

2149-2157 

204  : 

1 

120 

132 

0-909 

26  November 

1802-1810* 

217  i 

2 

120 

174 

0  690 

30  November 

1609-1623*  ! 

221  ; 

1,2 

750 

702 

1 -068+ 

4  December 

1713-1802*  ' 

225 

1 

390 

534 

0-730 

All  other  files  of  data  in  sample  of  81  tapes 

0 

144 

Totals 

1650 

1998 

0-826 

Notes : 


*  An  asterisk  denotes  that  this  time  period  occurred  during  a  TAST  watch  period. 

t  A  number  greater  than  unity  may  occur  in  the  last  column  because  average  speeds  were 
calculated  in  non-overlapping  blocks.  A  30-second  period  during  which  the  average  speed  is 
over  12  m/s  may  consist  of  a  short  time  well  over  12  m/s  and  the  rest  of  the  time  below  12  m/s. 

TABLE  8.2 


Occasions  when  the  30-second  average  shear  between  50  m  and  10  m  was  “strong"  or  “severe". 


Date 

I 

Type  of 
incident 

i 

Time 

| 

Peak  30-sec 
average  shear 

No.  of  seconds  ! 

shear  >6-5  m/s  i 

:  1 

Rank  of 
severity 

12  November  j 

3  j 

2150  : 

7-32 

!  is  i 

4 

i 

| 

i 

2207  1 

8-22 

30 

1 3  November 

i 

0917 

6-73 

6 

5 

0922 

7-99 

36 

0928 

6-70 

18  j 

73 


TABLE  8.2  ( Continued ) 


Date 

Type  of 

Time 

Peak  30-sec 

No.  of  seconds 

Rank  of 

incident 

average  shear 

shear  >6-5  m/s 

severity 

13  November 

1 

2153 

7 ‘48 

24 

3 

2202 

901 

. 

60 

30  November 

1 

1611 

8-47 

36 

1 

1613 

10-95 

36 

1618 

10-91 

30 

1620 

11-26 

1623 

8-78 

54 

1624 

6-88 

18 

1626 

6-61 

6 

1 

1732 

6-64 

12 

16 

12  December 

3 

2027 

6-92 

18 

11 

2049 

6-95 

24 

15  December 

4 

1602 

6  91 

18 

13 

4  January 

4 

1346 

7-00 

36 

10 

5  January 

n.c. 

■ 

6-85 

18 

14 

Wiim 

6-50 

12 

23  January 

■ 

■  7  '  '7- 

6-59 

12 

12 

' 

6-92 

30 

ESI 

6  61 

6 

24  January 

(3) 

2035 

704 

18 

9 

25  January 

5 

wm 

7-44 

18 

6 

■MEM 

7-88 

48 

1308 

6-94 

18 

1449 

7-03 

24 

2  February 

4 

1218 

7-20 

24 

8 

2  February 

3 

1949 

9-22 

42 

2 

2011 

7-56 

24 

2012 

6-53 

6 

26  February 

1 

1507 

6-55 

12 

15 

1508 

6-64 

12 

1508 

6-52 

6 

27  February 

4 

1526 

6-56 

6 

7 

1535 

7-32 

24 

1600 

6-66 

12 

Note:  n.c.  =  not  a  classified  incident. 
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For  aeronautical  purposes  it  is  important  to  know  what  type  of  meteorological  conditions 
are  associated  with  the  most  severe  occurrences  of  wind  shear.  Table  8.2  lists  the  occasions 
when  a  30-second  average  value  of  wind  shear  (between  the  50  m  level  and  the  10  m  level) 
exceeded  6-5  m/s,  i.e.  those  occasions  when  the  shear  was  classified  as  “strong"  or  “severe". 
It  is  not  surprising  to  find  that  the  most  severe  shear  is  associated  with  the  thunderstorm  and 
gust  front  on  30  November.  That  particular  storm  was  unusually  severe.  The  peak  gust  of 
28  -  5  m/s  corresponded  to  a  5  year  return  period  for  Brisbane.  It  is  more  surprising  to  find  that 
two  of  the  five  severest  shear  occurrences  were  during  type  3  incidents,  which  although  probably 
associated  with  storms,  did  not  have  any  large  temperature  drops  recorded,  and  so  could  not 
have  been  associated  with  any  but  weak  or  old  gust  fronts.  It  is  of  interest  to  note  that  the  second 
most  severe  shear  occurrence  (which  occurred  on  2  February)  did  not  occur  on  a  thunder  day 
and  was  not  a  declared  TAST,  although  it  was  associated  with  heavy  rain  and  “partial  squalls” 
at  most  levels.  The  situation  on  25  January  was  the  sixth  most  severe  shear  occurrence,  and  was 
not  related  to  storms  or  rain  at  all.  The  temperature  was  very  high,  the  wind  was  strong  and 
disturbed  by  convective  activity.  It  was  one  of  the  type  5  situations  described  in  Section  6.6. 

9.  DURATION  OF  SHEAR  BURSTS 

The  effect  of  a  high  shear  occurrence  will  depend  in  part  on  how  long  the  high  shear  is 
maintained.  Figure  65  shows  how  often  a  shear  of  3-5  m/s  is  exceeded  for  various  durations. 
Of  those  shears  which  last  for  at  least  12  seconds  only  ln„  last  for  longer  than  120  seconds. 
The  shear  limit  of  3-5  m/s  is  fairly  low  but  was  chosen  so  that  statistically  significant  numbers 
were  available. 

The  increasing  number  of  exceedances  with  increasing  averaging  time  is  to  be  expected,  for 
if  a  w  ind  speed  time  history  fluctuates  above  and  below  a  threshold  then  averaging  will  smooth 
the  time  history  and  whilst  this  will  remove  short  excursions  above  the  threshold,  it  will  also 
remove  short  excursions  below  the  threshold,  thus  amalgamating  w'hat  were  two  short  excursions 
of  the  threshold  into  one  long  exceedance.  However  the  effect  shown  in  Figure  65  may  have 
been  exaggerated  as  an  artifact  of  the  method  of  calculation  by  non-overlapping  blocks.  For  if, 
say,  the  3-second  average  shear  is  continuously  above  a  given  threshold  for  12  seconds,  then 
the  12-second  average  over  that  same  time  must  necessarily  be  above  the  threshold.*  However 
there  will  also  be  cases  when  the  3-second  average  shear  is  only  above  the  threshold  for,  say, 
9  seconds,  but  if  the  next  3-second  value  is  only  slightly  below  the  threshold,  the  12-second 
average  may  be  large  enough  to  exceed  the  threshold.  With  the  method  of  non-overlapping 
blocks,  this  would  be  counted  as  an  exceedance  of  the  12-second  average  value  for  a  12-second 
duration.  It  would  be  better  to  calculate  the  12-second  average  shear  at  closely  spaced  points, 
using  overlapping  data  blocks,  but  this  was  not  done  because  of  the  increased  computational 
effort  involved. 

Figure  66  shows  the  effect  of  varying  the  shear  level  for  the  case  of  30  second  average  shear. 
It  can  be  shown  that  for  every  1000  cases  when  the  shear  in  the  lower  50  metres  exceeded  the 
3-5ms  threshold  used  in  Figure  65.  there  arc  9  cases  when  the  shear  exceeded  the  threshold 
of  strong  shears  (6  5  m/s  in  50  m). 

10.  WIND  SHEAR  MONITORING  AS  A  LANDING  AID 

Many  of  the  graphs  of  wind  shear,  such  as  Figures  I7d  and  23,  show  great  variation  with 
time.  In  consequence,  it  seems  that  many  of  the  proposed  methods  of  measuring  wind  shear 
are  not  likely  to  be  very  useful  for  any  quantitative  application  to  landings  in  the  Brisbane  area. 

*  The  situation  is  quite  complex.  The  12-sccond  block  used  for  averaging  may  not  coincide 
with  the  12  seconds  during  which  the  3  second  average  is  above  the  threshold.  In  general  the 
12-sccond  period  above  the  threshold  will  be  split  between  two  blocks.  Often,  one  of  these  blocks 
will  have  more  than  half  the  3-second  average  data  exceeding  the  threshold,  so  that  there  will  be 
a  high  probability  that  the  12-sccond  average  for  that  block  will  also  be  above  the  threshold. 
Even  when  the  two  12-second  blocks  each  have  half  of  the  data  above  the  threshold,  there  is 
a  50", ,  chance  for  each  block  that  the  12-second  average  will  be  above  the  threshold. 


Relative  number  of  time  the  N-sec  average 
shear  is  greater  than  3.5  m/s  for  T  second 
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Fig.  65  Relative  durations  of  shear  bursts  above  0.07/sec. 
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Fig.  66  Probability  distribution  of  magnitudes  of  prolonged  shear  bursts. 
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An  aircraft  can  pass  through  the  last  100  m  of  its  descent  in  something  less  than  30  seconds. 
On  this  sort  of  time  scale  the  shear  may  appear  fairly  steady.  But  two  minutes  later  when  the  next 
aircraft  lands,  the  shear  may  easily  have  doubled,  have  dropped  to  zero,  or  in  some  cases  have 
even  undergone  a  complete  reversal  in  sign.  There  are,  of  course,  situations  in  which  the  mean 
shear  (using,  say,  a  6-minute  averaging  time)  is  fairly  steady  for  long  periods  of  time.  However 
the  cases  observed  in  this  category  generally  had  a  fairly  low  mean  wind  shear,  around  3  meter 
per  second  in  50  metre,  or  0  06/sec.  The  danger  in  these  situations  was  more  related  to  the 
occasional  peaks  and  troughs  when  for  a  minute  or  two  at  a  time  the  shear  might  take  large 
positive  or  negative  values.  It  should  be  stressed  that  these  comments  apply  not  only  to  transient 
situations  such  as  occur  in  thunderstorms  and  particularly  in  thunderstorm  gust  fronts,  although 
they  may  be  more  pronounced  in  such  situations.  They  were  also  observed  to  apply  to  shears 
measured  in  steady  situations  such  as  arise  during  strong  winds.  If  measurements  are  made  with 
a  time  lag  (e  g.  reports  from  a  previous  aircraft)  or  a  spatial  separation  (e.g.  an  echo  sounder 
to  one  side  of  the  runway)  the  shear  extremes  encountered  by  a  landing  aircraft  will  almost 
certainly  be  different  from  the  measured  value.  The  only  type  of  sensor  which  appears  effective 
for  this  purpose  is  a  laser  or  similar  sensor  looking  along  the  glide  slope  during  the  actual  landing. 


II.  HORIZONTAL  STRUCTURE  OF  THE  WIND 

Figure  67  shows  the  autocorrelation  structure  of  the  wind  speed  measurements  plotted  as 
a  function  of  the  separation  </  -  It'.  where 

/?(</)=  S(t)S[t  ,  /')  h  Sl(t) 

and  in  this  case  S  denotes  the  deviation  of  the  wind  speed  from  its  mean  value,  V,  and  the 
triangular  brackets  denote  an  expected  value.  The  data  used  to  compute  these  autocorrelations 
were  selected  from  the  incidents  in  Table  6.1  so  as  to  be  in  fairly  stationary  turbulent  records. 
Specifically,  8-minute  records  were  chosen  and  divided  into  four  2-minute  segments.  The  mean, 
standard  deviation,  skewness  and  kurtosis  of  each  segment,  and  of  the  whole  record  were 
calculated.  A  record  was  accepted  for  analysis  if: 

(a)  the  standard  deviation  of  each  segment  exceeded  0  45  m  s. 

(b)  the  coefficient  of  variation  of  each  segment  was  not  less  than  01. 

(c)  the  kurtosis  of  each  segment  was  less  than  6. 

(d)  the  mean  of  each  2-minute  segment  did  not  differ  from  the  mean  of  the  entire  record 
by  more  than 

3*  standard  deviation  of  record'  \  120, 
and 

(e)  the  kurtosis  of  each  2-minute  segment  did  not  differ  from  the  kurtosis  of  the  entire 
record  by  more  than  3\  24/ \  120. 

An  important  consequence  of  the  selection  process  is  that  some  significant  cases  involving 
ordered  structures  were  eliminated  from  consideration.  Such  ordered  structures,  which  may 
involve  correlations  over  large  distances,  need  to  be  studied  individually.  For  the  normal  turbulent 
cases,  the  main  feature  of  the  autocorrelation  in  the  present  context  is  that  beyond  separations 
of  100  m,  the  wind  speed  at  two  points  is  virtually  uncorrclated.  This  has  relevance  to  the  inter¬ 
pretation  of  the  wind  shear.  It  was  not  desirable  to  mount  anemometers  at  the  10  m  level  on 
the  tower,  because  the  adjacent  tuning  hut  would  have  had  an  uncertain  shielding  effect.  Further¬ 
more  the  horizontal  array  of  masts  could  not  be  placed  closer  to  the  tower  because  of  the  buried 
earth  mat  associated  with  the  transmitter.  This  means  that  the  shear  between  the  50  metre  level 
and  the  10  mere  level  involves  not  only  a  vertical  separation,  but  also  a  horizontal  separation 
of  27()  m  or  greater,  depending  on  which  10  m  mast  is  used.  In  a  stationary  turbulent  situation 
the  mean  shear  is  not  affected  by  the  horizontal  sv,,aration,  but  the  variance  is  increased.  Because 
the  horizontal  separation  is  greater  than  100  m  it  does  not  matter  which  of  the  horizontal  array 
.me  nometers  is  used  to  measure  Sin.  Although  the  statistics  of  the  observed  velocity  differences 
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differ  from  those  of  the  true  vertical  shear,  they  arc  representative  of  the  differences  an  aircraft 
will  encounter  when  coming  in  to  land  on  a  glide  slope.  They  are  therefore  of  direct  significance 
to  the  aeronautical  application. 

The  differences  in  airspeed  encountered  in  a  horizontal  plane  may  not  be  directly  applicable 
to  a  landing  aircraft,  but  they  are  of  some  significance  during  the  ground  roll  part  of  the  take  off. 
Figure  68  shows  a  selection  of  wind  speed  time  histories  measured  at  the  top  of  some  of  the 
10  m  poles.  Spio  for  example  denotes  the  wind  speed  at  the  top  of  pole  10.  The  location  of  the 
various  poles  is  shown  in  Figure  I,  and  the  distances  of  the  poles  from  the  centre  (pole  1 1)  is 
shown  in  Table  1 1. 1. 

The  instantaneous  differences  between  some  of  these  wind  speeds  is  shown  in  Figure  69. 
The  horizontal  separation  between  the  relevant  poles  is  shown  in  Table  !  1.2. 


TABLE  11.1 


Pole 

Distance  from  Pole  1 1 

Number 

(metres) 

1 

!  210 

2 

•  150 

3 

i  90 

4 

•  30 

5 

-  30 

6 

-  90 

7 

30 

8 

■  30 

9 

150 

10 

150 

TABLE  11.2 


Poles 

Separation  (metres) 

10  9 

300 

9  7 

120 

7-4 

42 

4- 1 

180 

The  only  pair  with  a  separation  much  less  than  100  m  is  (pole  7,  pole  4)  and  Figure  69  shows 
that  the  general  level  of  velocity  differences  for  this  pair  is  somewhat  less  than  for  the  other 
pairs,  and  the  frequency  of  return  to  zero  is  somewhat  greater,  as  would  be  expected.  The  general 
level  of  the  horizontal  differences  may  be  compared  with  the  differences  in  the  vertical  plane 
shown  for  the  same  incident  in  Figure  23. 
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Fig.  68  Wind  speed  time  histories  measured  simultaneously  at  several  different  10  metre 
poles  during  the  type  4  incident  on  27  Feb  1977 
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Fig.  69  Differences  in  wind  speed  between  simultaneous  measurements  at  various  points 
at  the  10  metre  level  during  the  type  4  incident  on  27  Feb.  1977. 


CONCLUSIONS  AND  RECOMMENDATIONS 


1 .  The  strongest  winds  were  found  to  occur  in  thunderstorm  gust  front  situations.  The  five 
severest  incidents  (during  which  the  30-second  average  wind  speed  exceeded  12  m/s)  were  in 
this  category. 

2.  Some  of  the  strongest  wind  shears  were  also  found  to  occur  in  association  with  thunder¬ 
storms,  but  unlike  the  wind  speed  case,  there  were  some  strong  shears  which  were  not  associated 
with  gust  fronts.  Of  the  five  severest  incidents  (in  which  30  second  average  wind  speed  differ¬ 
ences  in  excess  of  7-9  m/s  were  measured  in  the  lowest  50  m),  two  incidents  were  not  associated 
with  gust  fronts.  There  were  further  incidents  of  only  slightly  lower  severity  which  were  not 
even  associated  with  thunderstorms.  It  is  recommended  that  further  study  be  made  of  the 
situations  giving  rise  to  these  non-gust  front,  high  shear  occurrences. 

3.  In  a  small  sample  of  five  storms  for  which  some  sort  of  radar  coverage  was  available, 
the  gust  front  was  found  to  occur  at  various  distances  up  to  16  km  from  the  centre  of  the  storm. 
It  is  recommended  therefore  that  conservative  operational  practices  based  on  American  experi¬ 
ences  be  continued.  (Charba  and  Sasaki  observed  a  case  in  which  the  gust  front  of  an  Oklahoma 
storm  was  30  km  ahead  of  the  centre  of  the  radar  echo.) 

4.  Wind  speed  profiles  described  by  the  power  law,  SjSo  =  (r/z o)m  appear  to  have  the 
same  value  for  the  exponent,  »/,  in  the  thunderstorm  situation  as  in  other  types  of  situations. 
However  it  can  be  inferred  from  the  study,  reported  in  Section  8,  of  the  efTect  of  averaging  times 
on  the  wind  speed  histograms  that  the  length  scales  of  wind  speed  fluctuations  in  thunderstorm 
situations  tend  to  be  very  much  greater  than  in  normal  turbulence.  It  is  recommended  that 
further  study  be  made  to  determine  whether  this  observation  invalidates  the  commonly  applied 
reduction  of  design  wind  loads  for  buildings  with  large  frontal  areas  if  the  building  is  in  a  geo¬ 
graphic  region  where  winds  of  the  design  value  occur  principally  in  thunderstorms. 

5.  An  important  characteristic  of  almost  all  the  observed  time  histories  of  wind  shear  was 
their  variability.  It  is  recommended  that  the  operational  effects  of  such  variability  be  considered 
further  because  much  of  the  discussion  which  has  occurred  to  date  on  aeronautical  effects  of 
wind  shear  has  been  predicated  on  an  implicitly  assumed  model  of  steady  shear. 

6.  High  shears  generally  occurred  in  short  bursts  well  scattered  throughout  the  period 
of  the  experiment.  For  example  a  moderate  shear  of  0- 1/sec  was  exceeded  for  only  0-7%  of 
the  time.  However  this  shear  was  exceeded  in  2  5%  of  the  minutes  in  which  data  were  recorded, 
and  on  more  than  90%  of  the  days  of  the  experiment.  Similarly  of  all  the  shear  bursts  which 
exceeded  0  - 07/second  for  12  seconds  or  longer,  only  1%  lasted  longer  than  120  seconds. 

7.  Because  this  experiment  only  covered  one  season  of  the  year,  it  is  not  valid  to  extrapolate 
measured  probability  distributions  of  shear  to  a  whole  year  basis.  Moreover  the  sample  on  which 
these  comments  are  based  is  unrepresentative  in  at  least  two  ways.  Firstly,  it  covered  only 
summer  conditions,  and  so  there  is  a  high  probability  of  the  occurrence  of  thermal  convection 
which  might  break  up  flow  patterns  which  would  otherwise  be  steady.  Secondly,  there  was 
almost  no  sampling  during  the  early  morning  hours  (midnight  to  5  a  m.)  and  so  there  were 
no  records  of  “low  level  jet  streams"  which  had  been  observed  under  inversion  conditions 
during  some  previous  years  when  a  few  recordings  were  made  on  a  24  hour  basis.  It  is  recom¬ 
mended  that  a  further  period  of  sampling  be  made  over  a  complete  12  month  period,  sampling 
24  hours/day,  so  as  to  observe  any  other  phenomena  of  possible  aeronautical  significance  and 
to  determine  the  annual  probability  distribution  of  wind  shear  at  Brisbane.  It  is  also  recommended 
that  similar  tower  measurements  be  made  in  a  region  typical  of  the  Southern  part  of  Australia 
so  as  to  determine  the  wind  shear  probability  distribution  in  a  climatically  different  region  of 
considerable  aeronautical  significance,  and  to  better  describe  the  weather  conditions  giving  rise 
to  aeronautically  hazardous  conditions. 
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APPENDIX  1 

Criteria  for  Choice  of  Significant  Incidents 

A  period  of  the  record  was  chosen  for  detailed  study  if  any  of  the  following  occurred: 

(a)  A  temperature  drop  in  excess  of  2°C. 

(b)  A  6-second  average  wind  speed  difference  of  7-5  m/s  between  any  two  adjacent  levels 
on  the  tower. 

(c)  A  squall  or  “partial  squall”  (see  later). 

In  addition  it  was  necessary  to  define  when  a  temperature  rise  in  excess  of  2°C  occurred,  in 
order  to  classify  the  various  incidents  into  categories. 

A  temperature  drop  at  time  t  was  noted  if  the  one  minute  mean  temperature  at  some  time, 
t  +  5  minutes,  was  less  than  the  mean  temperature  over  the  period  (r  —  4,  t)  by  at  least  2°C, 
and  less  than  the  minimum  1-minute  mean  temperature  in  the  period  (r  —  15,  /  —  5)  by  at 
least  1°C,  as  illustrated  in  Figure  70.  The  actual  time  of  onset  of  the  temperature  drop  was 
defined  as  the  time  of  the  start  of  the  greatest  4  minute  drop,  and  the  magnitude  of  the  drop 
was  obtained  from  the  maximum  temperature  during  the  15  minutes  preceding  the  onset  to 
the  minimum  temperature  during  the  10  minutes  following  the  onset  of  the  drop.  A  temperature 
rise  was  defined  conversely. 

A  squall  is  conventionally  defined  (e.g.  McIntosh,  1972)  as  a  sudden  increase  in  wind  speed 
by  at  least  8  m/s,  rising  to  at  least  1 1  m/s  and  lasting  at  for  least  one  minute.  In  the  present 
analysis  it  was  further  required  that: 

(a)  A  rise  in  wind  speed  sufficient  to  signal  a  squall  occurred  within  9  minutes,  and 

(b)  The  wind  speed  rose  to  at  least  1  -5  times  the  maximum  speed  in  the  10  minutes  pre¬ 
ceding  the  start  of  the  rise.  This  second  requirement  was  added  in  order  to  rule  out 
short  lulls  in  an  otherwise  high  speed  wind. 

The  time  of  onset  of  the  squall  was  defined  as  the  start  of  that  two  minute  period  during  which 
the  greatest  increase  in  wind  speed  occurred.  The  minimum  wind  speed  in  the  15  minutes  pre¬ 
ceding  onset  and  the  maximum  in  the  15  minutes  following  onset  were  recorded. 

A  “ partial  squall"  was  defined  similarly  to  a  full  squall  except  that  a  rise  of  at  least  5  m/s 
to  at  least  7-5  m/s  was  required.  The  extra  conditions  (a)  and  (b)  remained  in  force. 


Time  in  minutes 


Fig.  70  Conditions  defining  a  significant  temperature  drop. 


APPENDIX  2 

Data  for  Annual  Maximum  Wind  Speeds 

Whittingham  (1964)  lists  the  annual  maximum  wind  speeds  at  various  places  in  Australia 
from  1937  to  1962.  Since  then  further  data  have  accrued  in  Bureau  of  Meteorology  records. 
The  relevant  data,  extracted  for  the  Brisbane  area,  follow,  with  parentheses  denoting  incomplete 
data,  i.e.  less  than  360  days  data  for  the  relevant  year. 


Annual  maximum  wind  speeds  (in  knots)  in  the  Brisbane  area 


Station 

Amberley 

Archerfield 

Eagle  Farm 

Brisbane 

Ht  anm. 
Year 

10  m 

Unknown 

13  m 

30  m 

1938 

— 

— 

— 

43 

1939 

— 

(46) 

— 

46 

1940 

— 

49 

— 

58 

1941 

— 

(55) 

— 

54 

1942 

— 

(47) 

— 

46 

1943 

— 

(66) 

— 

48 

1944 

(43) 

(59) 

— 

44 

1945 

(47) 

43 

— 

49 

1946 

— 

77 

— 

69 

1947 

— 

41 

— 

48 

1948 

— 

52 

— 

49 

1949 

— 

(51) 

— 

50 

1950 

— 

— 

— 

56 

1951 

— 

— 

(53) 

43 

1952 

— 

— 

51 

44 

1953 

— 

— 

42 

46 

1954 

— 

— 

58 

58 

1955 

(50) 

— 

53 

55 

1956 

44 

— 

49 

56 

1957 

73 

— 

56 

57 

1958 

68 

— 

58 

51 

1959 

48 

— 

45 

55 

1960 

41 

— 

45 

39 

1961 

39 

— 

38 

44 

1962 

82 

— 

49 

60 

1963 

55 

— 

52 

— 

1964 

(66) 

— 

46 

— 

1965 

50 

— 

64 

— 

1966 

76 

— 

49 

— 

1967 

50 

— 

(42) 

— 

1968 

45 

— 

48 

— 

1969 

(48) 

— 

60 

— 

1970 

52 

— 

75 

— 

1971 

44 

— 

50 

— 

1972 

(50) 

— 

49 

— 

1973 

51 

— 

(57) 

— 

1974 

(42) 

— 

49 

— 

1975 

47 

— 

42 

— 

1976 

51 

— 

54 

— 

1977 

(37) 

- 

(42) 

— 

APPENDIX  3 


Appendix  3  consists  only  of  figures.  There  are  six  figures  to  describe  each  one-hour  period 
of  each  incident.  For  the  nth  incident  these  figures  are  numbered  A.nA,  A.rtB ,  . .  .,  A.nh\  where: 

A.n A  shows  a  selection  of  parameters, 

AmB  shows  vertical  velocity  at  various  elevations, 

A.nC  shows  .horizontal  wind  speed  at  various  elevations, 

AmD  shows  wind  shear  in  the  vertical, 

A  nE  shows  wind  speeds  in  the  horizontal  anemometer  array,  and 
AmF  shows  wind  shear  in  the  horizontal  direction. 


W200 

( M/SEC ) 


-2 


1 


2 

UP 

W 1 50 

C  M/SEC ) 
-2. 


2‘  “ 
UP 


Wi00 

C M/SEC 1 


-2 


W50 

( M/SEC ) 


■A. 


-2 


2' 

UP 


Wl0 

( M/SEC ) 


V 


l M/SEC ) 
-Z._ 


2150  2200  2210  2220  2230  2242 


FIGURE  A  IB  ( CONT )  TYPE  3  INCIDENT  ON  12  NOV  76 


(M/SEC) 

0 


20 


S10 

(M/SEC) 


TYPE  3  INCIDENT  ON  12  NOV  76 


S200 

(M/SEC) 

0. 


20  • 

Si  50 
(M/SEC) 

0. 

20' 

Si  00 
(M/SEC) 

0. 

20 ' 
S50 

( M/SEC ) 

0. 

20 

Sl0 

(M/SEC) 


OZ-IOO 


51 


S200  -Sl50U 
(M/SEC) 


-5 


Sis 0  Su 

(M/SEC) 


-5 


S100  -S50 

(M/SEC) 


-5 


1 - r 

2050  2100 


FIGURE  A 


2120 


2130 


2140 


TYRE  3  INCIDENT  ON  12  NOV  76 


5' 

S200  -Si 50 

(M/SEC) 

-5. 

5‘ 

Si  50  —Si  00 

WmmM 

(M/SEC) 

-5 

- p  r^ny  V  V  '  - - 

5 

Sl00  — S50 

WBEMPlifflTO 

(M/SEC) 

-5. 

'  T 1  T 

1 

5‘ 

S50  — Sl0 

(M/SEC) 

-5. 

\  |f 

L  _______  ___ 

~)  1 - 1 - 1 - 1 - 1 - 

2150  2200  2210  2220  2230  2240 

FIGURE  A  ID  (CONT)  TYPE  3  INCIDENT  ON  12  NOV  76 


i - 1 - 1 - 1 - 1 - r 

2050  2100  2110  2120  2130  214C 


FIGURE  A  IF. 


TYPE  3  INCIDENT  GN  12  NOV  76 


201 


SP10 

(M/SEC) 


FIGURE  A  IE  ( CONT )  TYPE  3  INCIDENT  ON  12  NOV  76 


SP10  -Sre 

(M/SEC) 


L 


SP4  -Spi 

CM/SEC) 

-5 


1 - 1 - 1 

2050  2100  2111 


FIGURE  A  IF 


2120 


2130 


2140 


TYPE  3  INCIDENT  ON  12  NOV  76 


Spi0  — SP9 

(M/SEC) 


ST' 


SP9  — SP7 
(M/SEC 


f”7 


-5  L_ 


51 


SP4  -Spi 

(M/SEC) 


20 


Spi 

(M/SEC) 

0 


— i - 1 - 1 - 1 - 1 - r 

900  910  920  930  940  9S0 


FIGURE  A  2E 


TYPE  1  INCIDENT  ON  13  NOV  76 


Sp10  — SP9 

(M/SEC) 


-5 


Spa  -Sp7 

CM/SEC) 


|t%I 


-5 


51 

Sp?  -Sp4 

CM/SEC) 

-5 


SP4  — Spi 

(M/SEC) 


1 


FIGURE  A  3C  TYPE  1  INCIDENT  ON  13  NOV  76 


(M/SEC) 


0 


201 


SP9 

(M/SEC) 

0 


20 


SP 7 

(M/SEC) 


0 


20 


SP4 

(M/SEC) 


0 


201 


Spi 

(M/SEC) 


SP10  -Sre 

(M/SEC) 


L 


-si - :..4i 


2140  2150 


FIGURE  A  3 F 


2200 


2210 


2220 


TYPE  1  INCIDENT  ON  13  NOV  76 


t M/SEC) 


FIGURE  A  4 B 


TYPE  3  INCIDENT  ON  14  NOV  76 


(M/SEC) 


20 


Sl50 

(M/SEC) 


0 


20 


Sl00 

(M/SEC) 

0 


bl0 

CM/SEC) 


‘/^\vv-Vk/vAv* 


1 - 1 - 1 - r 

50  700  710  720 

TYPE  3  INCIDENT  ON  14  NOV  76 


S200  -Si 50 

(M/SEC) 


-5 


630  640  650  700  710  720 


FIQUPE  A  4D 


TYPE  3  INCIDENT  ON  14  NOV  76 


630  640  650  700  710 

FIGURE  A  4 F  TYPE  3  INCIDENT  ON  1 4  NOV  76 


(M/SEC) 


0 


201 


Si  50 
(M/SEC) 

0 


201 


Si  00 

(M/SEC) 

0 


Sl0 

(M/SEC) 


S200  -Si 
(m/sec) 


-5 


1 


Sl50  -Si 

(M/SEC) 


00L 


-5 


5 

S100  -Ss0 

(M/SEC) 


-5 


5'  ' 

S50  -S10  „ 

(M/SEC) 


Spi 

cr/sec) 


SP10  — SP9 

(M7SEC) 


Sp9  — SP7 

(M/SEC) 


SP7  -SP4 

(M/SEC) 


Sp*  -Spi 

(M/SEC) 


FIGURE  A  5F 


TYPE  3  INCIDENT  ON  15  NOV  76 


FIGURE.  A  6A 


^VVvwVA^  I 

1  I  I  I  j  I 

0  1020  1030  1040  1 


TYRE  3  INCIDENT  ON  15  NOV  76 


FIGURE  A  63 


TYPE  3  INCIDENT  ON  15  NOV  76 


S 200  -Si sol 
(m/sec) 


-5 


Sl5f  — Sl< 
(M/ts£C) 


-5 


0O  VW\ y/VU^h 


— i - 1 - 1 - 1 - 1 - r 

950  1000  1010  1020  1020  1040 


FIGURE  A  6D 


TYPE  3  INCIDENT  ON  15  NOV  76 


Spi 

(m/sec) 


SP10  — SP9 
(M/S EC) 

-5 


51 

Sps  -Sp7 
( M/SEC  1 


-5J 


5' 

SP7  -SP4 
(M/SEC) 

-5.. 


SP4  -Spi 
(m/sec) 


(M/SEC) 


1310 


FIGURE 


FIGURE  A  7b 


TYPE  3  INCIDENT  ON  15  NOV  76 


201 


S200 

(M/SEC) 


0 


— j - j - 1 - 1 - 1 - r 

1310  1320  1330  1340  1350  1400 


FIGURE  A  7C 


TYPE  3  INCIDENT  ON  15  NOV  76 


o200  —Si! 

(M/SEC) 


5 

Sl00  -S50 
(M/SEC) 

-5 


1310  1320  1330  1340  1350  1 


FIGURE  A  7 D 


TYPE  3  I  NCI  CENT  ON  15  NOV  76 


I  M/SEC  1 


(M/SEC) 


SP7 

(M/SEC) 


(M/SEC) 


Spi 

CM/SEC) 


1310 


1320 


FIGURE  A  7E 


1330  13*0  1350  1 400 


TYPE  3  INCIDENT  ON  15  NOV  76 


SP10  — SP9 
(M/SEC) 


-SJ 


5 

SP9  -SP7 

CM/SEE) 


-5 


5‘ 

SP7  — SP4  | 

(M/SEC)  " 

-5.- 


Sp«  -Spi 

(M/SEC) 


FIGURE  A  8A 


TYPE  4  INCIDENT  ON  15  NOV  76 


Rain  2 

(MM/MIN 

01 


urt 


WS0 

(M/SEC) 

-3 


30 

T10 


20  J 


360 

Bearing 

0 


201 


S10 

(M/SEC) 


Wi«3 

(M/SEC) 

-2 


2 

UP 

W50 
l M/SEC) 

-2. 


21 


Wl0 

IM/SEC) 


INCIDENT 


FTGLTCE  A  8 1>  CCCNT)  TvPh  4  INCIDENT  ON  15  NOV  78 


1910  1920  1930  1940  1950 


FIGURE  A  86  (CQNT)  TYPE  4  INCIDENT  ON  15  NOV  76 


FIGURE  A  6 1  C  CCNT )  TYPE  4  INCIDENT  ON  15  NOV  76 


FIGURE  A  3B  (CONT)  T^PE  4  INCIDENT  ON  15  NOV  76 


( M/SEC ) 


0 

20 


bl0 

(M/SEC) 


201 


S200 

(M/S EC) 


FIGURE  A  6C  (CONT)  TYPE  4  INCIDENT  ON  15  NOV  76 


(M/SEC) 

0 


20 

Sl0 

CM/SEC) 


0r?T70 


S200  -Si 

( M/SEC ) 


_C 


Si 50  -Sia 

(M/SEC) 


S100  ~Ss0 

(M/SEC) 


S50  -S10 


(M/SEC) 


S200  -Si 

(M/SEC) 


S150  —  Sleep! 

CM/SEC) 

~5l 


5' 

S100  -S50  - 

(M/SEC) 

-5  . 


5| 

Ssa  -S10  . 

(M/SEC) 


CM/SEC) 


Z0j 


Spi 

(M/SEC) 


CM/SEC) 

0 


V/ 


- 1 - 1 - 1 - 1 - T 

1610  1620  1630  1640  1850 


FIGURE  A  8E  tCQNT)  TYPE  4  INCIDENT  ON  15  NOV  76 


CM/SEC) 

0 


201 


SP 7 

(M/SEC)  ' 


0i 


20 


CM/SEC) 

0 


FIGURE  A  8E  tOOMT)  TYPE  4  INCIDENT  ON  15  NOV  76 


FIGURE  A  0E  (CONT)  TYPE  4  INCIDENT  ON  15  NOV  76 


Sp10  -Sp9 

(M/SEC) 


rvN 

La 

SP9  -SP7 
CM/SEC) 


■l*4l 


SP7  -SP4 
(M/SEC) 


SP4  -Spi 
(M/SEC) 


1710 


1720 


1730 


1740 


1750 


FIGURE  A  OF 


TYPE  4  INCIDENT  ON  15  NOV  76 


SP4  -Spi 
(M/SEC) 

-5 


fj£ 


, - j - 1 - 1 - r 

1610  1820  1630  1840  1650 


FIGURE  A  6 F  (CQNT )  TYPE  4  INCIDENT  ON  15  NOV  76 


CM/SEC) 


>P1 

-5 


— j - | - 1 - 1 - r 

1910  1920  1930  1940  1950 

FIGURE  A  8 F  (CONTI  TYPE  4  INCIDENT  ON  15  NOV  76 


r 


Spi0  — SP9 

(M/SEC1 


-5 


Sp9  -SP7 

(M/SEC) 


-51 


SP7  -Sp4 

CM/SEC) 


-51 


SP4  -Spi 

( M/SEC 1 


-5. 


i - r 

2010  2020 


FIGURE  A  OF 


2030 


2040 


2050 


TYPE  4  INCIDENT  ON  15  NQV  76 


(M/SEC) 


- T - [ - 1 - 1 - 1 - 

1310  1320  1330  1340  1350 

FIGURE  A  8A  TYPE  4  INCIDENT  ON  16  NOV  76 


GW2 


— j - r 

1310  1320 

FIGURE  A  95 


- , - | - | - 

1330  13^0  1350 

TYPE  4  INCIDENT  ON  16  NOV  76 


S200 

(M/SEC) 

0. 


20' 

Sl50 

(M/SEC) 

0 

20' 

S100 

( M/SEC 1 

0. 

20' 

S50 

CM/SEC) 

0. 


20 


S10 

(M/SEC) 


FIGURE  A  9D 


TYRE  4  INCIDENT  ON  16  NOS/  76 


FIGURE  A  36 


TYPE  4  INCIDENT  ON  16  NOV  76 


"Rain  2' ' 

CIvM/MIN 

0L 


3 


W50 

(M/SEC) 


-3 


301 


T 10 


20  h 


360 


Bearingk 


0 


20 


Sl0 

(M/SEC) 


(M/StC) 


(M/SEC) 

0 


20] 


S50 

CM/SEC) 

0 


n - 1 - 1 - 1 —  - 1 - r 

1150  1  200  1210  1220  1230  1240 


FIGURE  A  10C 


TYPE  3  INCIDENT  ON  21  NOV  76 


(M/SEC) 

0 


20-  ' 

SP7 

CM/SEC) 

0L. 


201 


Sp* 

(M/SEC) 


0Z 


20V 


SP1 


CM/SEC 3 


Spia  — Sps 

(M/SEC) 


(M/SBC) 


FIGURE  A  1 1 A 


TYRE  3  INCIDENT  ON  21  NOV  76 


< M/SEC ) 


-2 


2 

UP 

Wi  0  » 

( M/SEC ) 


Si0 

( M/SEC ) 


Sz 00  -Si 

(M/SEC) 


B'J  I 


Sl50  -Si 

( M/SEC 1 


V*} 


Si  00  — S50 

( M/SEC ) 


(M/SEC) 


CM/SEC) 


20 


SP 7 

(M/SEC) 

0 


201 


SP4 

(M/SEC) 

0. 


Spi 

CM/SEC) 


1440  1450  1500  1510  1520  1 


FIGURE  A  1  IF  TYPE  3  INCIDENT  ON  21  NOV  76 


( M/SEC ) 


-2 


2' 

UP 


W10 

( W/SEC ) 


201 


S200 

CM/SEC) 


0 


— j - T - 1 - 1 - t - r 

1800  1810  1820  1830  1840  1850 


FIGURE  A  12C 


TYPE  2  INCIDENT  ON  23  NOV  76 


iD-AlOB  207  AERONAUTICAL  RESEARCH  LABS  MELBOURNE  (AUSTRALIA)  F/G  4/2 

LOW  LEVEL  WIND  STUDY i  BALD  HILLS  -  THUNDERSTORM  SEASON*  1976-77— ETC <U) 
OCT  00  C  K  RIDER.  0  J  SHERMAN.  M  R  THOMSON 
INCLASSIFIEO  ARL/STRUC-384  NL 


1-25  1 1.4 


!|M 

IL8 

1.6 


t!“  ' 


MkKOCOl>  NiMH  111  k>N  l|Nl  I  HAN  I 

NAIIONAL  BUKLAU  Ut  blANO^DS  196-<  A 


J 


FIGURE  A  12 F 


TYPE  2  INCIDENT  ON  23  NOV  76 


(M/SEC) 


W200 

(M/SEC) 

—2. 


2‘ 

UP 

W 1 50 
(M/SEC) 

-2J 


2 

UP 

W100 

( M/SEC ) 
-2 


2 

UP 

W50 

C  M/SEC ) 
-2. 


21 


W10 

(M/SEC) 


201 


S200 

CM/SEC) 


0 


1 


< 


- j - j - 1 - 1 - 1 - 1 

1730  1740  1750  1800  1810  1820 


FIGURE  A  13C 


TYPE  1  INCIDENT  ON  26  NOV  76 


S200  -Si 52. 

(M/SEC) 


-5 


51 


Si 50  -Sl00W^ 
(M/SEC)  1 


-5 


Sl00  -S50 
(M/SEC) 


-5 


S50  — Si  0 
(M/SEC) 


— J - r 

1730  1740 


- I - r 

17S0  1600 


- r 

1810 


1 


1620 


FIGURE  A  13E 


TYPE  1  INCIDENT  ON  26  NOV  76 


SP10  -Sre 

(M/SEC) 


-5J 


S' 

Sp9  -Sp 7 

CM/SEC) 


-5J 


5 

SP7  — SP4 
CM/SEC) 


-5 


5 


SP4  -Spi 

(M/SEC) 


FIGURE  A  14A 


TYPE  2_  INCIDENT  ON  28  NOV  76 


(M/SEC) 

-2 


- , - 

1130 

FIGURE  A 


- j - 1 - 1 - [ - 

1140  1150  1200  1210 

146  TYPE  2  INCIDENT  ON  28  NOV  76 


201 


S200 

(M/SEC) 


0 


— ,  i - 1 - 1 - 1 - r 

1130  1140  1150  1200  1210  1220 


FIGURE  A  1 4C 


TYPE  2  INCIDENT  ON  28  NOV  76 


S200  —Si  50 

(M/SEC) 

-5. 


5' 

Si  50  —Si  00 
(M/SEC) 

-5. 


5' 

S100  — S50 

( M/SEC  1 

—5. 


5 


S50  — Sl0 

(M/SEC) 


CM/SEC) 

0 


20 

SP1 

l  M/SEC) 

0 

- 1 - ! - 1 - 1 - 1 - 

1130  1140  1150  1200  1210 

FIGURE  A  14E  TYPE  2  INCIDENT  ON  28  NOV  76 


c m/sec i 


>p  i 

-5 


— j - 1 - 1 - 1 - 1 - 

1130  1140  1150  1200  1210 

FIGURE  A  14F  TYPE  2  INCIDENT  ON  26  NOV  76 


1600  1610  1620  1630  1640 

FIGURE  A  ISA  TYRE  1  INCIDENT  ON  30  NOV  76 


Wi0 

CM/SEC) 


-2L 


— J - r 

1600  1610 

FIGURE  A  15B 


- ! - ! - 1 - 

1 620  1 630  1 640 

TYPE  1  INCIDENT  ON  30  NOV  76 


201 


S200 

(M/SEC) 


— , - | - 1 - 1 - 1 - r 

1600  1610  1620  1630  1640  1650 


FIGURE  A  15C 


TYPE  1  INCIDENT  QN  30  NOV  76 


CM/SEC) 

0 


1600  1610  1620  1630  1640  1650 


FIGURE  A  15F 


TYPE  1  INCIDENT  ON  30  NOV  76 


FIGURE  A  16A 


TYPE  1  INCIDENT  ON  4  DEC  76 


W10 

( M/SEC  3 1  ? 


-21 


— , - , - i - 1 - r 

1700  1710  1720  1730  1740 


FIGURE  A  16B 


TYPE  1  INCIDENT  ON  4  DEC  76 


FIGURE  A  16B  (CONT)  TYPE  1  INCIDENT  ON  4  DEC  76 


CM/SEC) 

0 


201 


Sl0 

CM/SEC) 


La* 


20] 


S200 

(M/SEC) 


0 


— j - 1 - 1 - 1 - 1 - r 

1800  1810  1820  1830  1840  1850 


FJGURE  A  16C  CCONT )  TYPE  1  INCIDENT  ON  4  DEC  76 


r 


S200  “Si 50. 

(M/SEC) 

-5,. 


S' 

Sl50  -Si 00 
(M/SEC  5 

-5.. 


51 

Si 00  “S50 

( M/SEC  1 

-5. 


S' 


S50  -Sl0 

(M/SEC) 


S' 

S200  -Si 52. 
(  m/sec  1 


-5 


Si 50  -Si 00 

( M/sec 1 


Ss0  -S10 


Vlj 


( M/SEC 1 


-5 


1600 


1810 


1820 


1830 


1840 


E  A  16D  (CONTI  TYPE  1  INCIDENT  ON  4  DEC  76 


(M/SEC) 

0 


Spi 

(M/SEC) 


(M/SEC) 


20 

Spa 

(M/SEC1 


0L 


20  ' 

SP7  J 

(M/SECl 

0_ 


20 


SP4  K 
(M/SEC) 

0 


201 


SP1 

(M/SEC) 


rs 


Sp10  -Sp9 

(M/SEC) 


-5 


5 


S  P7  -SP4 

( M/SEC  1 


Sp4  -Spi 

(M/SEC) 


5' 


SP9  — SP7 
( M/SEC 1 


-5 


SI 


SP7  -SP4 
CM/SEC) 


-51 


— T - i - r 

1600  1810  1620 


— r 

1630 


— r 

1840 


18& 


FIGURE  A  16F  CCGNT)  TYPE  1  INCIDENT  ON  4  DEC  76 


FIGURE  A  17A 


TYPE  3  INCIDENT  ON  5  DEC  76 


21 


UP 

W200 

( M/SEC ) 
-2. 


2 

UP) 


W 1 50 
(M/SEC) 


-2 


k^7 


1 


2 

UP| 

Wl00 

( M/SEC  1 


-ZL 


Mr 


2 

UP| 


W50 

(M/SEC) 


-2 


tA^Xa* 


2 

UP| 

Wl0 

( M/SEC ) 


-2L 


~i - 1 - 1 - 1 - 1 - r 

850  900  910  920  930  940 


FIGURE  A  1 7t> 


TYPE  3  INCIDENT  ON  5  DEC  76 


CM/SEC) 

0 


201 


S10 

(M/SEC) 


S200  -Si 

( M/SEC 1 


-5 


1 


Sl50  -S100L 
(M/seci 


-51 


5‘ 

Sl00  -S50  £ 

(M/SEC) 

-5.. 


5‘ 

j 


S50  -S10 

(M/SEC) 


(M/SEC) 

2 


72 


SP9 
(M/SEC1 


01 


22 1 


SP7 

(M/SEC) 

0. 


201 


SP4 

(M/SEC) 


0 


Spi 

(M/SEC) 


CMM/MIN 


FIGUPE  A  ISA 


TYPE  2  INCIDENT  ON  1 1  DEC  76 


(M/SEC J 


T 

UP 

W50  I 
( M/SF.C ) 

-2.. 


a 


W10 

( M/SEC ) 


(M/9EC) 


S200  -Si 

(M/SEC) 


-5 


S50  -Sl0 

(M/SEC) 


- , - 1 - 1 - 1 - 1 - 

1240  1250  1300  1310  1320  13 


FIGURE  A  18D 


TYPE  2  INCIDENT  ON  1 1 


CM/SEC) 


20 

Spi 

CM/SEC) 

0 

- , - | - 1 - 1 - 1 — 

1240  1250  1300  1310  1320 

Figure  a  ibe  type  2  incident  on  n  dec  76 


*=;■ 

SP10  — SP9 
( M/SEC ) 

-5. 


5' 

Sp9  -Sp  7 
<.  M/SEC ) 

-5. 


s 

SP7  -SP4 
( M/SEC ) 

-5. 


Sp4  -Spi 

( M/SEC ) 

-5 


FIGURE  A  18A 


TYPE  3  INCIDENT  ON  12  EEC  76 


(M/SEC) 

-2.- 


>  Y 


V 


1910  1920  1930  1940  1950 


FIGURE  A  19B  (C0NT5  TYPE  3  INCIDENT  ON  12  DEC  76 


W100 

C M/SEC 1 

-2 


2 

UF 

W50 

(M/SEC) 

-2 


2 

UP 

W10 

(M/SEC) 


20 


S200 

(M/SEC) 

0 


20 

Sl50 

(M/SEC) 

0 

20 

Si  00 

(M/SEC) 

0 

20 

S50 

(M/SEC) 


0 

20 

Sl0 

(M/SEC) 

0 

- T - 1 - i - 1 - 1 - ~r 

1610  1620  1830  1840  1650  1900 


FIGURE  A  190 


TYPE  3  INCIDENT  ON  12  DEC  76 


(M/SEC) 


201 


Sl50 

CM/SEC) 

0 


201 


Si  00 

(M/SEC) 

0 


201 


SS0 

(M/SEC) 

0 

201 


Sl0 

CM/SEC) 


Sia 

CM/SEC) 


(M/SEC) 


"150  “Si 

(M/SEC1 


Il00  -S5 
(M/SEC) 


j50  “Si. 

(M/SEC) 


S2EJ0  — Si 

(M/SEC) 


Si 50  -Sl00K 
(M/SEC1 


-Si 


S' 

Si  00  -Ss0 

( M/SEC  1 


-5 


5’ 

SS0  -S10 

( M/SEC 1 


S 200  “Si 
(M/sec) 


•5 


i 


51 


Si 50  “Si 
(M/sec) 


-5 


5‘ 

Sl00  “S50  ! 

(M/SEC1 

-5.. 


5‘ 

S50  “S 10 
CM/SEC) 


Spi 

(M/SEC) 


S*»10 

(M/SECJ 


0 


20' 

SP3 

(M/SEC) 

0. 


20 


Sp7 

(M/SEC) 

0 


20 


CM/SEC) 

0 


20' 

Spi 

(M/SEC) 


(M/SEC) 


Spib  -Spq 

(M/SEC) 


SP9  -SP7  P 

(M/SEC) 


-5 


5' 

SP7  -SP4 

CM/SEC) 


-5 


5' 

SP4  -Spi 
(M/SEC) 


Sre  -Sp7 
CM/SEC) 

-5J 


*%] - 


SP7  — SP4 
CM/SEC) 

-SJ 


SI - 


— i - r 

1310  1920 


— T 
1330 


1940 


— i - r 

I860  2000 

DEC  76 


FIGURE  A  19F  C CONTI  TYPE  3  INCIDENT  ON  12 


Sp10  — SP9 
(M/SEC) 


-5 


SP9 
iM/SEC) 


5' 

-SP7  ^ 


-5 


*vr 


Sp 7  — SP4 

(M/SEC) 


-5 


Sp^  -Spi 

CM/SEC) 


S200  -Si 
(M/seci 


-si. 


x> 

y) 


1550 


FIGURE  A 


Spia  — Sps 
(m/sec) 


i  M/SEC) 


(M/SEC) 


(M/SEC) 


Wz00 

C  M/SEC ) 
-2. 

2 

UP 

Wl50 

CM/SEC) 


c  M/SEC ) 


i 


V  1/V’ 


-2 1 _ 


1240  1250 


FIGURE  A  21 B  CCONT)  TYPE  5  INCIDENT  ON  16  DEC  76 


(M/SEC1 


<  M/SEC) 


CM/SECl 


(M/SEC) 


(M/SEC) 


S200  -Si 50 

(M/SEC) 

-5. 


51 


Sl50  -SW 
( M/SEC ) 


Sl00  -S50 
(M/SEC) 


20 


bPl 

(M/SEC) 


Spi0 

CM/SE 


SP10  -Sp9 

(M/SEC) 


CM/SEC) 


l M/SEC ) 


(M/SEC) 


SP10  -Sp9 

(M/SEC) 


-5 


SP9  — SP7 
v M/SEC) 


-5 


Sp7  — S*>4 

C  M/SEC ) 


in 


-5 


SP4  -Spi 

(M/SEC) 


Wz00 

C  M/SEC ) 


-2 


1 


2' 

UP 

Wl50 

CM/SEC) 

-2.. 


2 

UP 

Wl00 

(M/SEC) 

-2.. 


2 

UP1 

W50 

( M/SEC ) 
-2 


2 

UP 

Wl0  i 

( M/SEC ) 


C  M/SEC) 


S200  -Si 

( M/SEC ) 


Si 50  -Si 

CM/S EC) 


(M/SEC) 


— t - | - 1 - 1 - 1 - r 

1040  1050  1100  1110  1120  1130 


FIGURE  A  22E 


TYPE  2  INCIDENT  ON  23  DEC  76 


SP10  — SP9 
(M/SEC) 


-5 


s- 

SP9  -SP7 

(M/SEC) 


-5J 


c: 


Sp7  -Sp4 

(M'SEC) 


-5J 


Sp4  — Spi 
(M'SEC) 


W100 

(M/SEC) 

-2 


2' 

UP 

W50  h 

:( M/SEC ) 
-2 


W10 

(M/SEC) 


L^44 


S200  -Si 52 

( M/SEC  1 

-5. 


5‘ 

Si 50  -Sl00 
(M/SEC) 

-5. 


5 


1 


S100  — S50 

(M/SEC) 


Spia 

CM/SEC) 


0 


h 


20 


SP9 

(M/SEC) 

0. 


201 


SP7 

(M/SEC) 

0 


201 


Sp^ 

CM/SEC) 

0 


(M/SEC) 


-5 


S' 

SP9  —  SP7 
(M/SEC) 


-5 


S' 

S*>7  -SP4 
CM'SEC) 


-5J 


SP4  -Spi 

(M/SEC) 


FIGURE  A  24A 


TYPE  3  INCIDENT  QN  24  DEC  76 


(M/SEC) 


Si0 

(M/SEC) 


S200  -Sl5C 

( M/SEC 1 

-5 


Sl50  -Si 

CM/S EC) 


5 

Sl00  -S50 
( M/SEC 1 

-5 


5 


S50  — Sl0 
(M/SEC) 


CM/SEC) 

0 


i - 1 - 1 - 1 - 1 - r 

S30  540  550  600  610  6Z0 


FIGURE  A  24E 


TYPE  3  INCIDENT  ON  24  DEC  76 


AlOfl  207  AERONAUTICAL  RESEARCH  LABS  MELBOURNE  (AUSTRALIA)  F/6  4/2 

LOW  LEVEL  WIND  STUDY.  BALD  HILLS  -  THUNDERSTORM  SEASON.  1976-77— ETC (U) 
OCT  00  C  K  RIDER.  D  J  SHERMAN.  M  R  THOMSON 
iNCLASSlFlEO  ARL/STRUC-3a4  NL 


SP10  -Sp9 
(M/SEC) 

-5 


Sp9  -S  P7 

( M/SEC ) 


-5 


Vw' 


-£X-ci_ 


xAv^- 


SP7  —  Sp4 
(M/SEC) 

-5 


y 

T 


530 


— i - 1 - 1 - 1 - r 

540  600  610  620 


FIGURE  A  24F 


TYPE  3  INCIDENT  ON  24  DEC  76 


FIGURE  A  2SA 


TYPE  1  INCIDENT  ON  24 


(M/SEC) 


fA  ">J 


S200 

CM/SEC) 


FIGURE  A  25C 


TYPE  1  INCIDENT  ON  24  DEC  76 


S200  -Si 

( M/SEC 1 


5' 


1 


50 

-5. 


t - 1 - 1 - 1 - 1 - r~ 

1100  1110  1120  1130  1140  1150 

FIGURE  A  25D  TYPE  1  INCIDENT  ON  24  DEC  76 


201 


SP10 

(M/seo 


0 


VvJ' 


U1 

T 

CM 

D 


i - 1 - 1 - 1 - 1 - r 

1100  1110  1120  1130  1140  1150 


FIGURE  A  25E 


TYPE  1  INCIDENT  ON  24  DEC  76 


SP10  -Sp9 

(M/SEC) 


-5 


S»9  — Sp7 

CM/SEC) 


-5 


■^4 


Sp7  — Sp4 
(M/SEC) 


-5 


Sp4  -Spi 

ilA 

iM/SEC) 

-5 

~r  i  r 

1100  1110  1120 


rIGURE  A  25F 


1130  11*10  11S0 


TYPE  1  INCIDENT  ON  24  DEC  76 


( M/SEC 1 


0 


f 


- T - I - 

1150  1200  1210 


i 

1220 


TITE  2  INCIDENT  ON  28  DEC  76 


W200 

(M/SEC) 


2' 

UP 

Wl50 

(M/SEC) 


-2 


2 

UP 

Wl00 

(M/SEC) 


-2 


2‘ 

UP 

W50 

( M/SEC } 


-2 


2' 

UP 

Wia 

(M/SEC) 


— j - | - 1 - 1 - r 

1130  1140  1150  1200  1210 


FIGURE  A  Z0C 


TYPE  2  INCIDENT  ON  28  DEC  76 


S200  -Si 50 

(M/SEC) 

-5. 


Si 50  -Sl00L 
(M/SEO 


-51 


v% — *■ 


51 


S100  -S50  . 

CM/SEC) 


-5 


S50  -S10 

(M/SEC) 


( M/SEC ) 
0 


— ( - 1 - 1 - t - r 

1130  1140  1150  1200  12 10 


FIGURE  A  26E 


TYPE  2  INCIDENT  ON  28  DEC  76 


SP10  -Sp9 

(M/SEC) 


-51 


S*9  — Sp7 
iM'SEC) 

-5 


M/vVVV’YA/V^^ 


Sp7  ~Sp4 

(M/SEC) 

-5 


SP4  -Spi 

(M'SEC) 

-5, 


- j - | - 1 - 1 - r 

1130  1140  1150  1200  1210 


1221 


rlGURE  A  26F 


TYPE  2  INCIDENT  QN  28  DEC  76 


LI 


20 


Sl0 

(M/SEC) 


1000  1010 


FIGURE  A  27A 


w^c  ^  uyv^rvN^ 


— ( - , - 1 - r 

1000  1010  1020  1030 


— r 

1040 


FIGURE  A  27B 


TYPE  5  INCIDENT  ON  30  DEC  76 


S200  -Sl50. 

(M/SEC) 


-5 


5 - 

S 1 50  S 1  §30  VwAy  Wy* 
(M/SEC) 

-5 


S] 

Si 00  -S50 
(M/SEC) 

-5 


S50  -S10 

(M/SEC) 


i  C7n 


20 


SP9 

CM/SEC) 


— j - j - 1 - 1 - r 

1000  1010  10Z0  1030  1040 


FIGURE  A  27E 


TYPE  5  INCIDENT  ON  30  DEC  76 


SP10  -SP9 

(M'SEC) 


•^1 


SP9  — Sp7 

IM'SEC) 


-5 


-  <n  v  w  v 


St>7  -Sp4 

^  M/SEC  J 


-51 


— , - 1 - 1 - 1 - 1 - 

1000  1010  1020  1030  1040 

FTQUPE  A  27F  TYPE  5  INCIDENT  ON  30  DEC  76 


1550  1G00  1610  1620  1630 


FIGURE  A  28A 


TYPE  3  INCIDENT  ON  2  JAN  7 


FIGURE  A  28b 


TYPE  3  INCIDENT  ON  2  JAN  77 


W10 

(M/SEC) 

-2 


— j - | - r 

1650  1700  1710 


FIGURE  A  28B  (CONT)  TYPE  3  INCIDENT  ON  2  JAN  77 


CM/SEC) 

0 


Sl0 

(M/SEC) 


FIGURE  A  28C  (COMT)  TYPE  3  INCIDENT  ON  2  JAN  77 


S200  -Si 50. 

(M/SEC) 

-5. 


— j - 1 - 1 - 1 - r 

1550  1600  1610  1620  1630 


FIGURE  A  28D 


TYPE  3  INCIDENT  ON  2  JAN  77 


— j - 1 - 1 - 1 - 1 - r 

iS5 0  1600  1610  1620  1630  1640 


FIGURE  A  ZQE 


TYPE  3  INCIDENT  ON  2  JAN  77 


SP10  -Sp9 
(M/SEC) 


-5 


S°9  ~SP7 

(M/SEC) 


-5 


Sp7  -Sp* 

(M/SEC) 


-5 


Sp4  — SP1 
(M/SEC) 


( M/SEC ) 


- , - , - 1 - 

1650  1700  1710 

r IGURE  A  28F  (CQNT)  TYPE  3  INCIDENT  ON  2  JAN  77 


(M4/MIN 


(M/SEC) 


UZDD 


SZ00  —Si 

(M/SEC) 


-5 


5' 

Si50  -S100 

(M/SEC) 

-5. 


5 

Si 00  -S50 

( M/SEC  1 

-5 


S' 

350  -Sl0 

CM/SEC) 


20 

SP10 

CM/SEC) 

0 


20 

SP9 

CM/SEC) 

0 


20 

SP7 
( M/SEC ) 

0 


20 

SP4 
i.  m/sec  ) 

0 


20 

Spi 

(M/SEC) 

0 


S*V^'WH>jJvVvuA^^ 


— 1~ 
1120 


1 1 10 


1  130 


1140 


1150 


1200 


FIGURE  A  29E 


TYPE  2  INCIDENT  ON  4  JAN  77 


Pain  r 

tMM/MIN 

01 


FIGURE  A  30A 


- j - 1 - r~ 

1400  1410  1420 


4  INCIDENT  ON  4  JAN  77 


FIGURE  A  30B 


TYPE  4  INCIDENT  ON  4  JAN  77 


( M/SEC ) 


20 


Sl50 

(M/SEC) 

0 


201 


Si  00 
CM/SEC) 


0 


20 

S50 

(M/SEC) 

0 


201 


Sl0 

CM/SEC) 


k' 


Spi0 

(M/SEC) 

0 

20 

SP9 
( M/SEC ) 

0 

20 

SP7 

l M/SEC ) 
0 

20 

SP4 

(M/SEC) 

0 

20 

SP1 

(M/SEC) 

0 


1330  1340  1350  1400  1410  1420 


FIGURE  A  30E 


TYPE  4  INCIDENT  ON  4  JAN  77 


SP10  — Sp9 
(M/SEC) 


(M/SEC) 


’D7 

CM/SEC) 


(M/SEC) 


FIGURE  A  31 A 


TYPE  4  INCIDENT  ON  4  JAN  77 


1810  1820  1830  1840  1850 


FIGURE  A  31 B 


TYPE  4  INCIDENT  ON  4  JAN  77 


S200  -Si 50 

(M/SEC) 

-5. 


S' 

Sl50  -Si 00 
(M/SEC) 

-5. 


51 


Si 00  -S50 
( M/SEC  1 


1810  1620  1830  1840  1850 


FIGURE  A  31 E 


TYPE  4  INCIDENT  ON  4  JAN  77 


rl&URE  A  31 F 


TYPE  4  INCIDENT  ON  4  JAN  7? 


201 


S200 

(M/SEC) 


0 


— j - , - i - 1 - 1 - r 

1220  1230  1240  1250  1300  1310 


FIGURE  A  32C 


TYPE  3  INCIDENT  ON  7  JAN  77 


S200  -Si 50 
( M/SEC ) 

-5. 


5‘ 

Sl50  —Si  00 
( M/SEC ) 

-5. 


51 

Si 00  -S50 
( M/SEC  1 

-5 


51 


S50  — Si  0 
(M/SEC) 


5P9  -SP7 
(M/SEC) 


-5 


3P7  -SP4 

( M/SEC ) 


-5  L 


1220 


FIGURE 


— j- 
1220 


1210 


12 


2  INCIDENT  ON  16  JAN  77 


CM/SEC) 


(M/SEC) 


CM/SEC) 


CM/SEC) 


W 10 

(.  M/SEC ) 


CM/SEC) 


0j 

20 

S50 
(M/SEC) 

0 

201 
Sl0 

(M/SEC) 

0 

- T - j - 1 - 1 - 1 - 

1140  1150  1200  1210  1220  12 


FIGURE  A  33C 


TYPE  2  INCIDENT  ON  16  JAN  77 


Spi 

(M/sec) 


S?10  -SP9 

(M/SEC) 


(M/SEC) 


0 


T 


T 


T 


T 


T 


1430  1440  1 4S0  1500  1510 


FIGURE  A  34A 


TYPE  4  INCIDENT  ON  23  JAN  77 


FIGURE  A  34 1>  CCOMT)  TYPE  4  INCIDENT  ON  23  JAN  77 


S200 

(M/SEC) 

0. 


201 


Si  50 
(M/SEC) 

0 


20 


Si  00 

(M/SEC) 

0. 


20 


S50 

(M/SEC) 

0 


S10 

(M/SEC) 


(M/SEC) 

0. 


20 


Si  50 
CM/SEC) 

0 


201 


Sl00 

(M/SEC) 


0 


201 


S50 

(M/SEC) 


S200  -Si 

C  M/SEC ) 


-5 


1 


1 


Si 50  -Sl00L 


CM/SEC) 


-5i 


5‘ 

Si 00  -S50  . 

( M/SEC ) 

-51 


(M/SEC) 


S200  -Si 50^ 

(M/SEC) 

-5.. 


5' 

Sl50  -S100I 
(M/SEC) 

-5.. 


5‘ 

Si  03  — S50 
CM/SEC) 

-5. 


S50  -Sl0 
(M/SEC) 


(M/SEC) 

0 


— j - i - 1 - 1 - r 

1530  1540  1550  1600  1610 


FIGURE  A  34E  CCONT)  TYPE  4  INCIDENT  ON  23  JAN  77 


FIGURE  A  34E  (CCf 4T)  TYPE  4  INCIDENT  ON  23  JAN  77 


SP10  -Sp9 

(M/SEC) 


SP8  -SP7 

CM/SEC) 


SP7  -SP4 

(M/SEC) 


Spa  -Spi 

v M/SEC) 


1440 


1450 


IS00 


1510 


FIGURE  A  34F 


TYPE  4  INCIDENT  ON  23  JAN  77 


SP10  -Spq 

(M/SEC) 


-s 


^P9  — SP7 
i  M/SEC) 


-5 


SP7  — SP4 
(M/SEC) 


-51 


SP4  — Spi 

I.  M/SEC ) 


Spi0  -Sp9 

(m/sec) 


-5 


S  P7  — SP4 
(M/SEC) 


-5 


- ! - 1 - 1  I  p- 

1630  1 640  1650  1700  1710 


r  TGUFE  A  34F  iCONT)  TYPE  4  INCIDENT  QN  23  JAN  77 


r 

i 


Rain  *' 

(M/HtN 

01 


30' 

T10 

20 


360 


Bearing 


0 


20T 


S10 

(M/SECJ 


ns0 


PIGURC 


(m/sec)  y  f 

-ZJ _ 


1150  1200  1210  1220  1230 


FIGURE  A  35B 


TYPE  2  INCIDENT  ON  24  JAN  77 


20 

S200 

(M/SEC) 

0 

20 

Si  50 
(M/SEC) 

0 

20 

Sl00 

(M/SEC) 

0 

20 

SS0 

(M/SEC) 

0 

20 

S10 

(M/SEC) 

0 


S200  -Si 50. 

(M/SEC) 

-51 


5' 

Sl50  -Sl04 
( M/SEC 1 

-5 


5‘ 

Sl00  -S50 
C  M/SEC ) 

-5.. 


5 

>50  -Sl0 


(M/SEC) 


— J - 1 -  , - 1 - r 

1150  1200  1210  1220  1230 


FIGURE  A  3SE 


TYPE  2  INCIDENT  ON  24  JW  77 


r  TQUPE  A  35 F 


TYPE  2  INCIDENT  QN  24  JAN  77 


c  m/sec) 


(M/SEC) 


20] 


S200 

(M/SEC) 


0 


201 


S50 


— -J - r 

1900  1910 


FIGURE  A  36C 


920 


1930 


1940  IS 


TYPE  3  INCIDENT  ON  24  JAN  77 


S200  -Si 

CM /SEC) 


5' 

Si  50  —Si  00 
(M/SEC) 

-5.. 


5' 

Sl00  -S50 
(M/SEC) 

-5. 


5‘ 

550  -Sl0 

CM/SEC) 


in 


(M/SEC) 

0 


bPI 

(M/SEC) 


Spi0  -Sps 

(M/SEC) 


SP9  — SP7 
(M/SEC) 


-5 


S*>7  -SP4 

(M/SEC) 


-5 


SP4  -Spi  \ 

(M/SEC) 

-5.. 


i/i 


360 


Boring 

0. 


FIGURE  A  37A 


TYPE  3  INCIDENT  ON  24  JAN  77 


W10 

(M/SEC) 


-2 


- , - r 

2020  2030 

FIGURE  A  37  B 


2040  2050  2100 

TYPE  3  INCIDENT  ON  24  JAN  77 


Sz00 

(M/SEC) 

0. 


20' 

Si  50 
(M/SEC) 

0. 

20' 

Sl00 

(M/SEC) 

0. 

20' 

S50 

(M/SEC) 

0. 


20 

Sl0 

(M/SEC) 


S200  -Si 501 

(M/SEC) 


-5 


S100  -S50 

( M/SEC 1 

-5 


- j - j - 1 - 1 - 1 - r 

2020  2030  2040  2050  2100  2110 


FIGURE  A  37D 


TYPE  3  INCIDENT  ON  24  JAN  77 


FIGURE  A  37E 


TYPE  3  INCIDENT  ON  24  JAN  77 


SP10  — SP9 

(m/sec) 


-5 


c 

SP9  — SP7 


i  m/sec) 


_c 


Sp?  -S*>4 

( M/SEC  1 


>P4  -Spy 
vM'SEC) 


M 00  207  AERONAUTICAL  RESEARCH  LABS  MELBOURNE  (AUSTRALIA)  F/G  4/2 

LOW  LEVEL  WIND  STUDY.  BALD  HILLS  -  THUNDERSTORM  SEASON.  1976-77— ETC (U) 
OCT  80  C  K  RIDER.  D  J  SHERMAN.  M  R  THOMSON 
^CLASSIFIED  ARL/STRUC-384  NL 


FIGURE  A  3BA 


TYPE  5  INCIDENT  ON  25  JAN  77 


Rain  2 

(M4/MIN 


FIGURE  A  36b 


FIGURE  A  36*  CCGNT)  TYPE  5  INCIDENT  ON  25  JAN  77 


1410  1420  1  430  1440 


FIGURE  A  366  CCCNT)  TYPE  5  INCIDENT  ON 


201 


S200 

(M/SEC) 


0 


20 

Sl50 

(M/SEC) 

0 


20 

Sl00 

(M/SEC) 

0 


20 


(M/SEC) 

0 


20 

S10 

(M/SEC) 

0 


1210 


— r~ 
1220 


- p- 

1230 


1240 


- p- 

1250 


1300 


FIGURE  A  38C 


TYPE  5  INCIDENT  ON  25  JAN  77 


( M/SEC ) 


( M/SEC ) 


C M/SEC ) 


CM/SEC) 


Sl0 

(M/SEC) 


S 200  “Si 

(M/SEC) 


51 


Sis®  -Si 

(M/SEC) 


-5 


5' 

Si 00  -S50 
(M/SEC) 


-5 


S' 

S50  -S10 

CM/SEC) 


U'Z// 


S200  -Si 

(M/SEC) 


5 


Spi0 

CM/SEC) 


0 


20 


SP9 

CM/SEC) 


0 


20 


SP7 

(M/SEC) 


0 


20 


SP4 

(M/SEC) 


0 


SP1 

CM/SEC) 


0 


kv/v'^V'/N^^ 


1210 


— r~ 
1220 


T 


1230 


1240 


FIGURE  A  36E 


TYPE  5  INCIDENT  ON 


(M/SEC) 


FIGURE  A  38E  CCONT)  TYPE  5  INCIDENT  ON  25  JAN  77 


(M/SEC) 

0. 


— j - 1 - 1 - 1 - r 

1410  1420  1430  1440  14S0 


FIGURE  A  36E  (CQNT)  TYPE  5  INCIDENT  ON  25  JAN  77 


SP10  -Spq 

(M/SEC) 


Ai 


ALi 


A  h  A  i.  aAA 


Sp4  -Spi 

(M'SEC) 


— j - j - 1 - 1 - 1 - r 

1310  1320  1330  1340  1350  1400 


r  rOUFE  A  38 F  iOQNT)  TYPE  S  INCIDENT  ON 


SP10  -Spq 
(m/sec) 


-5. 


SP 7  — Sp4 

CM'SEC) 

5 


(M/SEC) 


S200  -Si 

<  M/SEC  1 


S' 

Sl50  -Si 00 

( M/SEC  1 

-51 


S' 

S100  -S50  | 

(M/SECl 

-5.. 


5' 

SS0  -S10 

(M/SEC) 


rlQURE  A  30E 


TYPE  4  INCIDENT  GN  26  77 


SP10  -S^3 

<  m/sec  ) 


-5 


F 


SP9  -S P7  L 
(M/SEC)  '■ 


-5 


rr 


S°7  — Sp4  |!_ 

(M/SEC) 


-5J 


S*4  -Spi 

vM^SEC) 


FIGURE  A  40A 


TYPE  4  INCIDENT  ON  02  FEB  77 


1210  1220  1230  1240  1250 


FIGURE  A  40B 


TYPE  4  INCIDENT  ON  02  FEB  77 


201 


- j - r 

1740  1750 

FIGURE  A  41C 


— j - i - 1 - r 

1600  1610  1620  1630 

TYPE  2  INCIDENT  ON  02  FEB  77 


S200  -S  i  seU  .  r>  A^,/VVyV/L.<^/\/VV,. 

(m/seci  '  v 


-5 


Sl50  -S100I 

C  M/SEC  1 


-5 


51 


Si 00  -S50 

(M/9EC1 


-5 


^V\ 


- 1 - | - 1 - 1 - 1- 

1740  1750  1000  1810  1820 


FIGURE  A  41 D 


TYPE  2  INCIDENT  ON  02  FED  77 


SP10 

I  M/SEC) 

0 


201 


SP9 

(M/SEC) 

0 


201 


S  P7 

(M/SECT 

0 


201 


SP4 

(M/SEC) 

0 


SP1 

(M/SEC) 


(M/SEC) 


KV 


ip, 


-si. 


- j - p 

1740  1750 

FIGURE  A  41F 


- ! - | - 1 - 

1800  1810  1820 

TYPE  2  INCIDENT  ON  02  FEE.  77 


(M/SEC) 


30 


T 10 


20 


300 

Bearing 
0 . 


20 


S10 

CM/SEC) 


(M/SEC) 


S200 

( M/SEC ) 
0 


201 


Si  50 
( M/SEC 1 

0 


20' 

Si  00 

CM/SEC) 

0. 

20' 

S50 

CM/SEC) 

0 

201 


Sl0 

(M/SEC) 


CM/SEC) 

0. 


201 


SP9 

(M/SEC) 


201 


Sp7 

CM'SEC) 


201 


Sp« 

cm/sec) 

0 


SP10  — Sp9 

(M/SEC) 


CM/SEC) 


2 

upy 

W150 

(M/SEC) 


-2l 


2 

UP 

Wl00 

CM/SEC) 

-2. 


Ws0 

(M/SEC) 

-2 


2' 

UP 

W10 

(M/SEC) 


(M/SEC) 


20 


Si  50 
(M/SEC) 

0 


20 


Sl00 

(M/SEC) 

0 


20 


S50 

(M/SEC) 

0 


201 


Sl0 

(M/SEC)  { 


o200  -Si 
(M/SEC) 


Sis0  —Si 

(m/seci 


Si  00  — S50 

(M/SEC1 


S30  — S10 

(M/SEC) 


(M/SEC) 

0 


700  710  720  730  710 

FIGURE  A  43E  TYPE  1  INCIDENT  ON  04  FED  77 


SP10  -Sp9 
(M/SEC) 


-5 


1 


5 

S?9  -Sp: 7 
(M/SEC) 


-5 


5] 

SP7  ~SP4 
(M/SEC) 


-5 


Rain  2  ~ 

CfcM/MIN 

0  L_ 


u3J 


W50 

(M/SEC) 


-3 


30- 

T 10 


20 


360 

Bearing 


0 


K- 


20 


Sl0 

(M/SEC) 


(M/SEC) 


2‘ 

UP 


Wl50 

C  M/SEC) 


-2 


2 

UP 

W100  , 

(M/SEC) 


-2 


2‘ 

UP 

W50  I 

(M/SEC) 


-2 


2' 

UP 

Wl0 

(M/SEC) 


S200  -SiaaL 

(M/seci  v 


-si 


51 


Si 50  “Sl00l 
(M/S6C1 


-5 


/ 


5V 


S100  -S50  f, 
c m/sec 1 


-si 


Ss0  -S10 
( M/sec  1 


SP9 


(M/SEC) 

01 _ _ _ 


20 


Sp7 

CM>SEC) 


0 


20 


S*H 

(M/SEG) 


0 


201 


Spi 

CM/SEC) 


SP10  -Sp9 

(M/SEC) 


( M/SEC ) 


-P7  -t 
(M/SEC) 


(M/SEC) 


(M/SEC) 

-2 


V 


2" 

UP 


W10 
CM/SEC  3 


Sl0 

(M/SEC) 


S200  -Si 
(M/seo 


sr 


Si 50  -Sl00j* 

(M/seci 


-si 


S100  -Ssb 

C  M/SEC 1 


-51 


S50  -S10 

( M/SEC  1 


( M/SEC ) 
0 


20 


SP9 


20 


Spi 

( M/SEC ) 


KV/v,--. 


( M/SEC ) 


cr 


FIGURE  A  46 B 


TYPE  3  INCIDENT  ON  11  FEB  77 


— , - 1 - 1 - 1 - 1 - r 

740  750  800  610  620  630 


FIGURE  A  40C 


TYPE  3  INCIDENT  ON  1 1  FED  77 


S2B0  -Si  50 1 

(M/GEC) 

-5. 


S' 

Sis®  -Si 00, 

(M/S0C) 

-s . 


S' 

S 100  -Ss®  - 

(M/SECl 

-5. 


Ss®  -S10 

CM/SPC) 


Sp10 

(M/SEC) 

0. 

20- 

SP9 

(M/SEC) 

0. 

20- 

SP7 

CM/SEC) 

0. 

20' 

SP4 

( M/SEC ) 
0. 

20' 

Spi 

( M/SEC J 


(M/SEC) 


FIGURE  A  46 F 


TYPE  3  INCIDENT  ON  1 1  FEB  77 


201 


S200 

(M/SEC) 


FIGURE  A  47C 


TYPE  4  INCIDENT  ON  1 1  FEB  77 


S200  -Si 50 a 

(M/SEC) 

-5  . 


5' 

Si 50  -Si 00 
(M/SEC)  f 

-5.- 


5' 

Si 00  -Ss0  „ 

(M/SEC) 

-5  . 


S50  — S10 

CM/SEC) 


20 

SP10 

(M/SEC) 

0 


^sa>vAA 


20 

SP9 

CM/SEC) 

0 


201 

SP7 

(M/SEC) 


0 


20 

SP4 

CM/SEC) 

0 


20 

Spi 

(M/SEC) 

0 


— j— 

1 130 


100 


1 1 10 


1120 


1140 


1150 


FIGURE  A  47E 


TYPE  4  INCIDENT  ON  11  FEB  77 


1300 


1310 


1320 


1330 


13* 


(M/SEC) 


(M/SEC 


(M/SEC] 


3 


S200  — Si  50 

(M/SEC) 

-5 


5* 

Sl50  -SlfiB 

(M/SEC) 

-5 


S' 

S100  — Ss0 

CM/SEC) 

-5 


S’ 


Sse  -Si0 

(  m/spc  i 


UZEO 


SP10  -Sp9 

( M/SEC ) 


-5JJ 


- ! - i - 1 - 1 - 1 - p 

1300  1310  1320  1330  1340  1350 

FIGURE  A  48F  TYPE  5  INCIDENT  ON  12  FEB  77 


tWSE C) 


- 1 - 1 - 1 - 1 - 1 - r~ 

1520  1530  1540  1550  1600  1610 


FIGURE  A  4SA 


TYPE  4  INCIDENT  ON  12  FEB  77 


Wi0 

(M/SEC) 


-2 


- j - i - 1 - - 1 - r 

1520  1530  1540  1550  1600 


figure:  A  49 ft 


TYPE  4  INCIDENT  ON  12  FE&  77 


f^sre, 


1520  1530  1540  1550  1600  1610 


FIGURE  A  49C 


TYPE  4  INCIDENT  ON  1Z  FEB  77 


S200  -Si; 

(M/6EC) 


50  \STfiy?)/{Jr^^ 


-5 


-SL 


— , - 1 - 1 - 1 - r 

1520  1530  1510  1550  1600 


FIGURE  A  ISO 


TYPE  1  INCIDENT  ON  12  FED  77 


( M/SEC 1 


SP1 

( M/SEC 1 


1520 


1530 


1540 


1600 


1610 


FIGURE  A  49E 


TYPE  4  INCIDENT  ON  12  FEB  77 


SP10  -Sp9 

(M/SEC) 


1520  1530  1540  1550  1600 

FIGURE  A  49F  TYPE  4  INCIDENT  ON  12  FEB  77 


(MM/MIN 


01 


FIGURE  A  50A 


TYPE  4  INCIDENT  ON  15  FEB  77 


Wi0 

C  M/SEC  1 
-2 


- j - P 

1050  1100 

FIGURE  A  506 


- , - | - 1 - r 

1110  1120  1130  1 1 40 

TYPE  4  INCIDENT  ON  15  FEB  77 


Sz00 

CM/SEC) 


0 


f  V\ws/ 


nr  v 


v  V 


— , - , - , - 1 - 1 - r 

1050  1100  1110  1120  1130  1140 


FIGURE  A  50C 


TYPE  4  INCIDENT  ON  15  FEB  77 


(M/SEC) 


_«= 


SP9  -SP7 

CM/SEC) 


SP7  — SP4 
CM/SEC) 


>P4  -Spi 

(M/SEC) 


( M/SEC ) 


201 


bl0 
( M/SEC ) 


201 


SP10 

(M/SEC) 


20 

SP4 

(M/SEC) 


1000  1010  1020  1030  1040  1050 


FIGURE  A  51 E  TYPE  5  INCIDENT  ON  25  FEB  77 


(M/SEC) 


■y  ’  "v  v- 


v  'Y  V*  V  v 


- T - , - 1 - 1 - 1 - 

1000  1010  10Z0  1030  1040  U 


FIGURE  A  51F 


TYPE  5  INCIDENT  ON  25  FEB  77 


^P-A106  207 

AERONAUTICAL  RESEARCH  LABS  MELBOURNE  (AUSTRALIA) 

LOW  LEVEL  WIND  STUDY.  BALD  HILLS  -  THUNDERSTORM  SEASON. 
OCT  80  C  K  RIDER.  D  J  SHERMAN.  M  R  THOMSON 

F/G  4/2 

1976-77— ETC(U> 

^CLASSIFIED 

ARL/STRUC-384 

NL 

(M/SEC) 


Si0 

(M/sec) 


(M/SEC) 

0 


201 


201 


SP4 

(M/SEC) 

0 


20 


SP1 

(M/SEC) 


FIGURE  A  53A 


TYPE  4  INCIDENT  GN  27 


Rain  * 

(M4AIIN 

0 


f7iicn 


2 

UFI 

Wi0 

(M/SEC) 


-2 


— j - ! - 1 - 1 - 1 - r 

1510  1520  1530  1540  1550  1600 


FIGURE  A  535  TYPE  4  INCIDENT  ON  27  FED  77 


(M/SEC  3 


.1 

20 

SS0 

( M/SEC  1 

0 

201 


Sl0 

(M/SEC) 


(M/SEC) 


C  M/SEC ) 


(M/SEC) 


20" 


Szee 

CM/SEC  J 


0 


20 

SlS0 

(M/SEC I 

0 


20 

Sl00 

(M/SEC) 

0 


20 

Ss® 

(M/SEC) 

0 


20 

Sl0 

(M/SEC) 

0 


— 1~ 

1710 


1720 


FIGURE  A  53C  tCQNT)  TYPE  4  INCIDENT  ON  27  FED  77 


S200  -Si SB' 

(M/SEC) 

-5.. 


Si  50  — S 1 00  L 
(M/SEC)  1 


-5J 


5' 

Sl00  -S50 
(M/SEC) 

-5. 


51 


S50  -S10 

C M/SEC) 


Sz00  ~Sl 50, 
CM/SEC) 

-5.. 


S' 

Si 50  -Sl00] 
CM/SEC)  r 

-5.. 


5' 

Sl00  -S50 
(M/SEC) 

-5. 


51 


S50  -Sl0 
CM/SEC) 


20 

Sp10 

CM/SEC) 

0 


20 

SP9 

( M/SEC ) 

0 


201 

SP7 

( M/SEC } 

0 


20 

SP4 

CM/SEC) 

0 


20 

Spi 

(M/SEC) 

0 


1610 


— r~ 
1620 


1630 


1640 


1650 


1700 


FIGURE  A  53E  CCONT)  TYPE  4  INCIDENT  ON  27  FED  77 


SP10  — Sp9 
CM/SEC) 

-5.„ 


SP9  -S', 

(M/sec 


•  - 1 


51 


SP7  -SP4 

(M/SEC) 


* 


-5 


5 


SP4  -Spi 

(M/SEC) 


SP10  -Sp9 
(M/SEC) 


-5 


5' 

SP9  -SP7  [ 
(M/SEC) 

-5.. 


5 

SP7  -SP4  . 
(M/SEC)  1 

-5.. 


Sp4  -Spi 

(M/SEC) 


5 

SP9  -SP  7 

(M/SEC) 

-5 


SP7  -Sp4 

( M/SEC ) 

-5 


— i - r 

1710  1720 


FIGURE  A  53F  (CONTI  TYPE  4  INCIDENT  ON  27  FEB  77 


Wi00 

c  M/sec i 


-zl 


z 

UP 

W50 

C  M/SEC ) 
-Z. 


Z' 
UP 

W10  c 

( M/SEC  J 


LJ  I  Z 


S200  —Si 

(M/SEC) 


5' 

Si 50  -Si  00, 
(M/SEC) 

-5.. 


Si 00  -S50  f 
CM/SEC7  I 


5' 

Ss0  — S10 

(M/SEC) 


DISTRIBUTION 


Copy  No. 

AUSTRALIA 


Department  of  Defence 
Central  Office 

Chief  Defence  Scientist  1 

Deputy  Chief  Defence  Scientist  2 

Superintendent,  Science  and  Technology  Programs  3 

Australian  Defence  Scientific  and  Technical  Representative  (UK)  — 

Counsellor,  Defence  Science  (USA)  — 

Defence  Central  Library  4 

Document  Exchange  Centre,  D.I.S.B.  5-21 

DGAD  (NCO)  22 

Joint  Intelligence  Organisation  23 

Aeronautical  Research  Laboratories 

Chief  Superintendent  24 

Library  25 

Superintendent  —  Structures  Division  26 

Divisional  File  —  Structures  27 

Authors:  C.  K.  Rider  28 

D.  J.  Sherman  29 

M.  R.  Thomson  30 

Materials  Research  Laboratories 

Library  31 

Defence  Research  Centre 

Library  32 

Central  Studies  Establishment 

Information  Centre  33 

RAN  Research  Laboratory 

Library  34 

Victorian  Regional  Office 

Library  35 

Air  Force  Office 

Air  Force  Scientific  Adviser  36 

Director  General  Operational  Requirements  —  Air  Force  37 

Department  of  Science  and  The  Environment 

Bureau  of  Meteorology,  Melbourne 

Publications  Officer  38 

Library  39 

Dr  R.  R.  Brook  40 

Dr  P.  A.  Barclay  41 

Mr  P.  J.  Meighen  42 


Bureau  of  Meteorology,  Queensland 

Regional  Director  43 

OIC  —  Met.  Office,  Eagle  Farm  44 

Mr  W.  Smith,  Met.  Office,  Eagle  Farm  45 

Statutory  and  State  Authorities  and  Industry 

C.S.I.R.O. : 

Applied  Physics  Division,  Library  46 

Manufacturing  Technology  Division,  Library  47 

Atmospheric  Physics  Division,  Library  48 

Dr  K.  T.  Spillane  49 

Building  Research  Division,  Library  SO 

Dr  R.  H.  Leicester  51 

SEC  of  Vic.,  Herman  Research  Laboratory,  Librarian  52 

Air  Pollution  Control  Division  53 

TELECOM  —  Queensland : 

Supervising  Engineer,  Radio  Section  54 

State  Manager  55 

OIC  —  Bald  Hills  Transmitter  Site  56 

R.K.  Steedman  and  Associates,  (Western  Australia),  Mr  S.  Stroud  57 

Universities  and  Colleges 

Adelaide  Barr  Smith  Library  58 

Flinders  Library  59 

James  Cook  Library  60 

LaTrobe  Library  61 

Dr  R.  C.  Boston  62 

Melbourne  Engineering  Library  63 

Head,  Meteorology  Dept.  64 

Professor  L.  K.  Stevens  (Civil  Eng.)  65 

Professor  J.  D.  Lawson  (Civil  Eng.)  66 

Dr  B.  B.  Sharp  (Hydraulics  Dept.)  67 

Monash  Library  68 

Professor  W.  H.  Melbourne  69 

Professor  B.  R.  Morton  70 

Dr  R.  K.  Smith  71 

Newcastle  Library  72 

New  England  Library  73 

Sydney  Engineering  Library  74 

Queensland  Library  75 

Dr  Len  Isaacs  (Civil  Eng.  Dept.)  n6 

Tasmania  Engineering  Library  77 

West.  Australia  Library  78 

R.M.I.T.  Library  79 

CANADA 

International  Civil  Aviation  Organization,  Library  80 

NRC,  National  Aeronautical  Establishment,  Library  81 

Universities  and  Colleges 

Toronto  Institute  for  Aerospace  Studies  82 

Western  Ontario  Professor  B.  Vickery  83 

FRANCE 

AGARD,  Library  84 

ONERA,  Library  85 

Service  Technique  Aeronautique  86 


GERMANY 

ZLDI  87 

INDIA 

Civil  Aviation  Department,  Director  88 

Defence  Ministry,  Aero.  Development  Establishment,  Library  89 

Hindustan  Aeronautics  Ltd.,  Library  90 

Indian  Institute  of  Science,  Library  91 

Indian  Institute  of  Technology,  Head,  Aeronautical  Engineering  Dept.  92 

National  Aeronautical  Laboratory,  Director  93 

ISRAEL 

Technion-Israel  Institute  of  Technology,  Professor  J.  Singer  94 

ITALY 

Associazione  Italiana  di  Aeronautica  e  Astronautica,  Professor  A.  Evla  95 


JAPAN 

National  Aerospace  Laboratory,  Library 

Dr  Yamane 

Meteorological  Research  Institute: 

Library 

Physical  Meteorology  Laboratory 
Disaster  Prevention  Research  Institute 

Universities 

Tohoku  (Sendai)  Library  102 

NETHERLANDS 

Centrale  Organisatie  TNO,  Library  103 

National  Aerospace  Laboratory  (NLR),  Library  104 

NEW  ZEALAND 

Defence  Scientific  Establishment,  Library 
Universities 

Canterbury  Library 

SWEDEN 


Aeronautical  Research  Institute  107 

Chalmers  Tekniska  Hogskola,  Library  108 

Kunglioa  Tekniska  Hogskolan  109 

Research  Institute  of  the  Swedish  National  Defence  1 10 

UNITED  KINGDOM 

Aeronautical  Research  Council,  Secretary  1 1 1 

CA ARC,  Secretary  112 

Meteorological  Office  Research  Unit,  Royal  Radar  Est.,  Malvern  Library  113 

Royal  Aircraft  Establishment: 

Farnborough,  Library  1 14 

Bedford,  Library  115 

National  Physical  Laboratory,  Library  116 


105 

106 


96 

97 

98 

99-100 

101 


British  Library,  Science  Reference  Library  117 

British  Library,  Lending  Division  118 

Fulmer  Research  Institute  Ltd.,  Research  Director  1 19 

Science  Museum  Library  120 

Universities  and  Colleges 

Bristol  Engineering  Library  121 

Cambridge  Library,  Engineering  Dept.  122 

Mr  J.  E.  Simpson  (Dept,  of  App.  Math,  and  Theor.  Physics)  123 
Dr  R.  Britter  (Dept,  of  Engineering)  124 

Nottingham  Library  125 

Southampton  Library  126 

Strathclyde  Library  127 

Cranfield  Inst,  of 

Technology  Library  128 

Imperial  College  The  Head  129 

Dr  M.  J.  Miller  (Atmospheric  Physics  Group)  130 

UNITED  STATES  OF  AMERICA 

Atmospheric  Sciences  Library  131 

N.O.A.A. 

Wave  Probagation  Lab.  132 

Environmental  Research  Lab.  133 

N.S.S.L.  134 

National  Center  for  Atmospheric  Research  135 

U.S.  —  AF  Cambridge  Research  Lab.  136 

U.S.  —  Dept,  of  Transport: 

Systems  Research  and  Development  Services  137 

National  Aviation  Facilities  Experimental  Center  138 

N.A.S.A.  Scientific  and  Technical  Information  Facility  139 

American  Telephone  and  Telegraph  Company,  Sandia  Laboratories  140 

American  Institute  of  Aeronautics  and  Astronautics  141 

The  John  Crerar  Library  142 

Texas  Instrument  Inc.,  Director  143 

Westinghouse  Laboratories,  Director  144 

Battelle  Memorial  Institute,  Library  145 

Calspan  Corporation,  Library  146 

Aeronautical  Research  Associates  of  Princeton  147 

Northwest  Orient  Airlines,  Supt.  of  Meteorology  148 

Universities  and  Colleges 

Pennsylvania  State  Professor  H.  A.  Panofsky  149 

Iowa  State  Dr  G.  K.  Serovy,  Mechanical  Eng.  150 

Chicago  Professor  T.  Fujita  151 

Polytechnic  Inst. 

(New  York)  Library,  Aerospace  Lab.  152 

Colorado  State  Professor  E.  R.  Reiter  153 

California  Inst,  of 

Technology  Library,  Graduate  Aeronautical  Lab.  1 54 


Spares 


155-185 


